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      Plasmonics has recently been the subject of intense research efforts, owing 
to the fact that the strong optical interactions can be effectively confined in 
metallic nanostructures at nanoscale. The highly intense electromagnetic fields 
achieved by free electron oscillations at the metal surface can provide 
promising applications, of which plasmonic sensing is a prime example. 
However, the development of practical, low-cost nanoscale manufacturing 
tools and processes capable of realizing these advanced applications is still 
one of the greatest challenges, which hinders the pace of transfer from 
laboratory to the real fabrication in industry. Therefore, this thesis aims to 
design and fabricate desirable nanostructures over a large area by low-cost and 
flexible nanofabrication methods to accomplish and improve sensing 
sensitivities of plasmonic bio/chemical nanosensors.  
      This thesis involves theoretical and experimental studies of optical 
properties and near-field enhancement from random nanoparticles, quasi-
ordered nanoparticles, and periodic arrays of nanostructures for plasmonic 
sensing, consisting of refractive index sensing and surface enhanced Raman 
spectroscopy (SERS). These nanostructures are patterned by low-cost and 
high-efficient nanofabrication tools: thermal annealing and laser interference 
lithography (LIL).  
      The fabrication and characterization of disordered nanodot array are 
investigated. The experimental results confirm that the nanodots formed by 
thermal annealing can excite localized surface plasmon resonances (LSPR), 
xii 
whose resonance wavelength in the UV-Visible range can be flexibly tuned by 
the Au concentration in the Ag/Au nanodots. The uniformity of both size 
dimension and particle distribution of the nanodots can be improved by a 
novel hybrid nanofabrication technique that is a combination of LIL and 
thermal annealing. The fabricated nanodot array can provide higher refractive 
index sensitivity than that of nanodots formed only by thermal annealing. 
Moreover, LSPR of Ag/Au nanodot array can be also flexibly tuned by proper 
control of the Au concentration, which can achieve further enhancement in the 
Raman intensity of the molecule R6G, arising from the resonance wavelength 
of nanodot array matching well with the excitation wavelength of the laser and 
overlapping with an electronic absorption band of interest.  
      Finally, this thesis demonstrated the design and fabrication of a periodic 
array of Au nanorods that can produce an intense local electric field driven by 
the diffractive coupling of dipoles as a result of the enhancement in the 
refractive index sensitivities. The surface lattice resonance (SLR) of nanorod 
array is selected by the light polarization, which is confirmed both by 
simulation and experiment with a good agreement. The refractive sensing 
performance is predicted by FDTD simulation that is subsequently verified by 
the detailed experiment. In particular, the influence of varying the lattice 
constant of nanorod array is investigated theoretically and experimentally. It is 
found that SLR and LSPR can be dramatically tuned by the lattice constant of 
nanorod array for the further improvement of the refractive index sensitivity 
with an optimized distance between the nanorods.  
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under light polarization along y direction. The 
nanorod array has the dimension of 420×520×30 nm
3
 
and a fixed period of 550 nm in x direction. 
156 
Figure 6.10 Measured optical transmission spectra of nanorod 
array in different surrounding media at incident 
polarization along the long axis of the nanorod. RI 
sensitivity is linearly fitted to the data, giving a RI 
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Chapter 1 Introduction 
1.1. Research background and literature review 
      Plasmonics has recently been the subject of intense research efforts, owing 
to the fact that the light can be controlled and manipulated on the length scales 
far below the wavelength [1]. This phenomenon arises from the excitation of 
surface plasmons (SP), which are collective charge oscillations occurring at 
the interface between a metal and a dielectric. They can take various forms, 
ranging from freely propagating electron density waves along metal surfaces 
to localized electron oscillations on metal nanoparticles [2]. Their unique 
properties enable a wide range of practical applications, including light 
guiding and manipulation at the nanoscale [3], near-field optical imaging 
below the diffraction limit [4], plasmonic light-emitting device [5], 
bio/chemical sensing [6], and medical therapy [7].  
      The modeling, making and measuring of noble metal nanostructures have 
recently become three key factors to the development of plasmonics. In 
particular, theoretical tools, including optimized electrodynamics calculation 
methods and improved computational resonances, are able to describe and 
predict the possible optical properties. The nanofabrication tools capable of 
generating the desirable nanostructures with sub-100 nm resolution have 
played an essential role to explore the new properties of surface plasmons. 
Characterization tools, such as near-field scanning optical microscope and 
dark-field microscope, have enabled us to directly observe surface plasmon 
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polariton waves or detect optical properties of tiny nanoparticles. Therefore, a 
chain process consisting of simulation-fabrication-characterization steps could 
be a feasible approach to investigate the potential functionalized plasmonic 
nanostructures whose working principle has been theoretically predicted, 
optimized and experimentally investigated.  
      Among these steps, extensive efforts have been devoted by various 
research groups around the world to the quest for high efficiency and low cost 
fabrication tools to pattern nanostructures over a large area, as the ability to 
achieve large-scale nanostructures through such patterning techniques is 
essential to practical industrial applications. The significance of large-scale 
and economical nanopatterning is that it provides numerous opportunities to 
transfer the technology from laboratory to the real fabrication industry. In 
particular, large-scale plasmonic nanostructures can provide the effective area 
large enough for characterization using common spectroscopes, resulting in a 
simplified configuration to excite or detect surface plasmons without 
employing dark-field microscope or highly sensitivity spectroscope. Moreover, 
using straightforward and economical nanopatterning tools to mass produce 
these nanostructures has a major impact in the field of industries, such as solar 
energy, bio/chemical sensing or medical therapy. 
      In this thesis, attention will be placed on the design of simple and easily 
fabricated structures’ parameters, and the experimental implementations of 
these nanostructures using high-efficiency and low-cost nanofabrication tools. 
These nanostructures have unique optical properties through the excitation of 
surface plasmons for potential applications.   
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1.1.1. Overview of plasmonics and surface plasmons 
      Before scientists start to study the unique optical properties of metallic 
nanostructures, they were firstly employed by artists to generate the vibrant 
colors in glass artifacts. One of the most famous examples is the Lycurgus cup 
[8] dating back to the Byzantine Empire (4th century AD). The glass cup 
shows a striking red color when viewed in transmitted light, but it appears 
green color in reflected light. This distinct color variation is theoretically and 
experimentally investigated since the beginning of the twentieth century in 
which the first scientific studies of surface plasmon (SP) began. The first 
observation of SP is Robert Wood [9] who described unexplained optical 
reflection measurements on a metallic grating in 1902. Two years later, bright 
colors in metal-doped glasses were discovered by Maxwell Garnett [10], and 
their electromagnetic properties were derived by Mie [11] in the theory of 
light scattering by small spherical particles. In the year 1956, David Pines [12] 
theoretically described energy losses experienced by fast electrons travelling 
through metals, and attributed these losses to collective oscillations of free 
electrons in the metal. By comparison to earlier works on plasma oscillations 
in gas discharges, he defined these oscillations as ‘plasmons’. In 1957, Rufus 
Ritchie [13] presented a result of electron energy losses in thin films 
demonstrating the existence of plasmon mode near the surface of metal. This 
study represents the first theoretical description of surface plasmons. In 1958, 
John Joseph [14] introduced the term ‘polariton’ for the coupled oscillations of 
bound electrons and the light inside transparent media. In 1968, Rufus Ritchie 
[15] and coworkers explained the anomalous behavior of metal gratings, and 
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attributed it to the excitation of surface plasmon resonances on the gratings. A 
major contribution to the study of surface plasmons was made in 1968 when 
Andreas Otto [16] and Erich Kretschmann [17] demonstrated methods for the 
optical excitations of surface plasmons on metal films, making experiments on 
surface plasmons easily accessible to many researchers.  
      Surface plasmon resonances have become one of the most attractive 
research areas, enabling numerous fundamental studies and applications in a 
variety of disciplines [1-7]. In general, it has been shown that surface plasmon 
polaritons (SPP) can exist as propagating waves on planar metal films with 
amplitudes that extend further into the dielectric region compared with the 
metal region (Fig. 1.1 (a)). Metal particles can also interact strongly with light, 
and their plasmon resonances are confined within tens of nanometers of the 
particle surface. These resonant optical fields are called localized surface 
plasmons (LSP) (Fig. 1.1 (b)). These resonances are highly sensitive to the 
size, shape, and dielectric environment of the metal particles, thus providing 
the potentials to tune the resonances from ultraviolet (UV) to near-infrared 
(NIR) wavelengths [18,19]. 
 
Figure 1.1 (a) Surface plasmon polaritons at a metal-dielectric interface and (b) 
localized surface plasmons on metal nanoparticles excited by free-space light. 
[19] 
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      Localized plasmon resonances in small metallic nanostructures have 
attracted large interests in the scientific community for over a century, due to 
their capabilities of supporting collective electron oscillations (plasmons) at 
nanoscale [20]. The ability to spectrally tune resonance wavelengths, narrow 
spectral linewidth and confine the electromagnetic fields at the length scales 
much smaller than the optical diffraction limit remains challenging issues yet 
to be overcome [21]. This is an issue of particular importance since sensing 
sensitivity of nanosensors can be improved by the highly confined local field 
[22] and tuning localized surface plasmon resonances (LSPR) wavelength of 
nanostructures to a specific range can further enhance the Raman signals of 
the molecules [23]. Thus extensive research efforts have been established to 
investigate the interaction of light with single and coupled nanoparticles as 
well as a periodic array of nanoparticles.  
      The geometric structure control of nanostructures is one of the most 
straightforward strategies to tune the resonance spectra. It has been shown that 
fine tuning LSPR wavelength can be achieved by good control of the aspect 
ratio of nanorod using thermal reshaping technique in aqueous media [24]. 
The shape of the nanorod can be gradually transformed from a sphere to a rod 
with an increase in annealing time, leading to a continuous tuning of the 
longitudinal plasmon resonance wavelengths from 560 to 800 nm. Another 
example of tuning LSPR is to chemically synthesis a series of gradual 
variation in size dimension of gold nanospheres and nanorods [25], showing 
an intense red color (for particle less than 100 nm) or a yellowish color (for 
larger particles) in aqueous solution (Fig. 1.2). These interesting optical 
properties of the gold nanoparticles arise from the excitation of LSPR. The 
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LSPR wavelength of the gold nanospheres shifts towards a longer wavelength 
in the absorption spectra with an increase in the nanosphere size. Another 
report presents the result of the synthesis of gold-silica core shell particles 
demonstrating that the optical properties of core-shell can be adjusted by 
tuning the thickness of the silica layer outside the gold nanoparticles [26]. 
 
Figure 1.2 Photographs of gold nanospheres (upper panels) and gold nanorods 
(lower panels) in aqueous solutions as a function of increasing dimensions. 
The insets are their corresponding TEM images. The scale bar is 100 nm. [25] 
       For a single nanoparticle, the resonance spectral of the nanoparticle shifts 
with its size, shape and aspect ratio. On the other hand, coupling of two 
nanoparticles [27] can result in increased near-field intensity enhancement and 
confinement in the gap [28] (fig. 1.3 (a)), which extends a further degree of 
freedom in tuning the resonance frequency and a larger radiation efficiency. It 
has been shown that nanosphere and nanorod dimers can be physically small, 
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while they can provide high radiation efficiency due to the reduced current 
density inside the nanostructure. Another example of coupled nanoantennas is 
bow-tie dimer antennas, constituting of two triangles facing each other tip-to-
tip [29] (fig. 1.3 (b)). In this case, higher field enhancement in the gap can be 
observed if compared with two-wire antennas, arising from the larger 
lightning-rod at the apex. Another report proposes the use of Yagi-Uda 
nanoantennas [30] for emission enhancement and broadband communication, 
providing the evidence that the inter-element distance is important to achieve 
the desired interference between direct and reflected radiation. This is because 
the neighboring elements may increase Ohmic losses and modify the 
resonance frequency of a nanoresonator via near-field coupling. Furthermore, 
symmetry breaking in the plasmonic clusters [31] supporting a Fano-like 
resonance is another way to modify the spectral shape, which is designed as a 
hemi-circular central disk surrounded by a circular ring of closely spaced, 
coupled nanodisks. These studies all confirm that near-field coupling can 
generate the large local field enhancement and modify the spectral shape. 
Good control of the interparticle distance, the geometry of nanoparticle dimer 
and the breaking of the symmetric geometry of nanostructures make it 
possible to flexibly tune the plasmon resonance in a wide range.   
8 
 
Figure 1.3 (a) Photon induced luminescence intensity distribution and SEM 
image of coupled gold nanoantennas with the dimension of 500×100×50 nm
3
 
and a gap of 40 nm [28]. (b) The intensity enhancement as a function of the 
gap ranging from 16 to 406 nm. SEM image of bow-tie with a gap of 22 nm is 
inserted in the top-left side [29]. (c) SEM image of the Yagi-Uda 
nanoantennas (upper panel) and angular radiation patterns for the antennas 
(bottom panel) [30]. (d) Scattering of an individual octamer with Von and Voff 
detected for polarization direction of 0° and 90°.[31] 
      For a periodic array of nanoparticles, the far-field coupling [32, 33] is 
dominant when the interparticle spacing is greater than those of near-field 
coupling, e.g. in the sub-micrometer range (Figs. 1.4 (a) and (c)). Far-field 
coupling is able to generate a narrow line shape [34] in the spectra and provide 
strong field localization extending to the whole plane of nanostructures (Figs. 
1.4 (b) and (d)). It has been reported that a waveguide consisting of a one-
dimensional array of metallic nanoparticles can excite a dipole-dipole 
coupling, arising from the energy of excited dipole mode in a particle 
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transferred to neighboring particles (Fig 1.4 (a)). The collective plasmon 
resonances of the particle arrays can be measured by far-field polarization 
spectroscope. These studies provide a new opportunity to tune the optical 
properties of plasmon resonance and amplify the field intensity. 
 
Figure 1.4 (a) Far-field extinction spectra of Ag nanoparticle chains and single 
particles [32]. The exciting light is polarized along the long axis of the 
nanorods, perpendicular to the particle chain axis. SEM image of the plasmon 
waveguide layout is inserted in the bottom-left side of the figure. (b) Particle 
plasmon wavelength as a function of the grating constant along x and y 
directions. SEM image of a grating with 220 and 540 nm in x and y directions 
is inserted in the top-left side of the figure. [34] (c) Measured transmission 
spectra of nanorod array on glass substrate (black dotted line) and covered by 
PVB layer (red solid line). [33] (d) Near-field intensity enhancements in 2D 
nanorod array are covered by PVB layer at wavelengths of 695 and 905 nm, 
respectively. [34]  
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1.1.2. Overview of nanofabrication techniques for plasmonic 
nanostructures 
      The development of nanofabrication techniques offers the ability to 
precisely control the geometry of nanostructures, providing the opportunity to 
tune the plasmon resonance in a wide range and also generate highly confined 
fields around nanoparticles. Attempts to engineer plasmonic nanostructures 
have been focused on both bottom-up and top-down nanofabrication 
techniques [35]. For example, chemical synthesis plays an active role to 
investigate plasmon properties of individual nanoparticles. By synthesizing 
different sizes, shapes, and materials of nanoparticles, properties of plasmon 
resonances of individual nanoparticles can be studied. When nanoparticles are 
self-assembled closely or almost touching each other, the coupling effects in 
pairs or among a cluster of nanoparticles have been studied. Large local field 
can be driven around metallic nanoparticles if compared to that induced only 
by individual nanoparticles. Alternatively, thermal annealing is a cost-
effective method to form metallic nanoparticles with the diameter much 
smaller than light. Plasmon properties of these nanoparticles can be tuned by 
adjusting annealing temperature, thickness of metal films and applying the 
template before annealing. 
      It has been reported that a pairs of nanoparticles or periodic array of 
nanoparticles could excite highly intense local fields because of near-field and 
far-field coupling [28]. Scanning beam lithography, soft lithography and laser 
interference lithography are advanced top-down nanofabrication tools, which 
could precisely control size, shape and interparticle distance of nanoparticles. 
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In this section, state-of-art nanofabrication tools to form plasmonic 
nanostructures are reviewed as bellow.  
1.1.2.1 Chemical synthesis 
      Chemical synthesis is one of most common bottom-up nanofabrication 
techniques capable of patterning a wide variety of metal nanoparticle shapes 
(e.g. stars, rods, boxes and cages) by independently controlling reaction 
conditions such as temperature, surfactants, and precursors [36] (Fig. 1.5). 
Tailoring and fine-tuning optical resonance properties can be achieved through 
the precise control over the geometric structure parameters of metallic 
nanoparticles. Metal particles can also be assembled into two-dimensional or 
three-dimensional lattices on substrates, allowing the optical properties of the 
assemblies to be tuned by manipulating the interparticle distance and the 
geometry of the lattices. 
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Figure 1.5 (a) Schematic diagram of the reduction of Ag
+
 ions by ethylene 
glycol (EG). SEM images of different Ag nanoparticles grown by the 
reduction process: (b) spheres, (c) cubes, (d) truncated cubes, (e) right 
bipryamids, (f) bars, (g) spherodics, (h) triangular plates, and (i) wires. [36] 
1.1.2.2. Thermal annealing 
      Recently, dewetting of ultrathin (<100 nm) polymer films [37] and their 
self-organization on physic-chemically patterned substrates has been 
extensively studied. It has been shown that thermal annealing is a simple 
method to prepare nanoparticles at the nanoscale level through the dewetting 
of thin films at elevated annealing temperatures. This approach can be applied 
to fabricate metallic nanoparticles on top of substrates, providing the 
opportunity to reduce the size down to sub-50 nm over a large area (Figs. 1.6 
(a)-(b)) [38]. However, the main drawback of this approach is low uniformity, 
as the assembly consists of random size distribution and disorder arrangement 
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of patterned nanoparticles. The template-assisted wetting method [39] can 
reduce the degree of randomness and disorder (Figs. 1.6 (b)-(d)).  
 
Figure 1.6 SEM images of gold nanoparticles obtained through the dewetting 
of continuous films at the thicknesses of (a) 16 and (b) 24 nm, respectively
 
[38]. SEM images of gold nanoparticles obtained through the dewetting of Au 
films inside the inverted pyramids at the thickness of (c) 5 and (d) 20 nm, 
respectively
 
[39].    
1.1.2.3. Scanning beam lithography 
      Although chemical synthesis provides unique biomolecular control, 
biomimetic behavior, and the potential to create the materials with 
sophisticated properties, this work is limited to the inherent macroscopic 
disorder [35]. This disorder could lead to the generation of the complex 
metallic nanostructures, which brings about much difficulty in understanding 
and modeling the fundamentals of surface plasmon. Top-down nanopatterning 
is an alternative nanofabrication technique, which enables the disordered 
arrangement from the chemical synthesis to be avoided. It offers the 
capabilities of versatility, miniaturization, precision, reproducibility and batch 
fabrication, which have been applied to the semiconductor industry over a few 
decades.  
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      Scanning beam lithography [40] as conventional top-down nanofabrication 
techniques, such as electron beam lithography (EBL) [41] and focused ion 
beam (FIB) [42], is able to achieve high density patterning of good uniform 
structural features with sub-10 nm gaps or sophisticated geometry (Fig. 1. 7). 
However, the main challenging issues for these nanofabrication tools are high 
operating cost, low throughput and the difficulty in accessing the facilities. 
Although multi-axis electron beam lithography and zone-plate-array 
lithography are developed to improve the throughput [43], they suffer from 
lens aberration and diffraction limit, respectively. Moreover, highly sensitive 
characterization facilities, such as dark-field microscope or spectroscope are 
required, as these nanostructures patterned by EBL and FIB possess the 
fabrication area with the size dimension of only a few hundred micrometers as 
a result of weak signals.  
 
Figure 1.7 (a) Au bow-tie nanostructures with an edge length of ~95 nm and (b) 
Au trimer structures with an average triangle edge length of ~90 nm prepared 
by EBL [41]. (c) An array of nanoholes is prepared by focused-ion-beam 
milling of an Ag film [42]. 
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1.1.2.4. Soft lithography  
      Soft lithography [44] is a suite of techniques that uses organic materials to 
enable replication and pattern transfer on multiple length scales (from 
nanometers to centimeters). The strengths of these tools are high efficiency 
and low cost, allowing the production of numerous modes from the same 
master. However, the master is usually very expensive due to the conventional 
nanofabrication tool (e.g. EBL) employed. In addition, the replication of 
patterns on substrates experiences many steps, which makes it difficult to 
replicate nanoscale features with high aspect ratios.  
1.1.2.5. Laser interference lithography 
      Laser interference lithography (LIL) [45] is a promising top-down 
nanofabrication technique that serves as a large-area, maskless and noncontact 
nanopatterning technique. This technique can be used to pattern periodic 
nanolines and nanodisks on metallic thin films in a short time (only a few 
minutes exposure). In particular, LIL allows us to pattern nanostructures with 
the dimension of sub-micrometers. In the exposure process, the photoresist is 
usually exposed to the interference pattern of two coherent laser beams. Size 
dimension of nanostructures can be further decreased if the incident angle of 
the laser beam is increased. LIL exhibits better performance than EBL and 
FIB on low-cost, high-efficiency and large effective fabrication area, but it 
cannot pattern complex nanostructures. 
16 
1.2. Research objective 
1.2.1. Research focus  
      In this thesis, effort will be focused on the design and fabrication of 
plasmonic nanostructures over a large area using scalable, rapid and 
inexpensive nanofabrication tools, such as laser nanofabrication and thermal 
annealing, with the aim of implementing the potential applications both in 
terms of refractive index sensing and surface enhanced Raman spectroscopy. 
However, a few key challenges in the development of the practical plasmonic 
sensing need to be described as listed below: 
   Plasmonic nanostructures formed through some nanofabrication 
techniques suffer from small areas and high fabrication cost, for example EBL 
or FIB. These drawbacks could hinder the pace of transfer of technology from 
laboratory to the real fabrication in industry. Therefore, it is strongly required 
to employ a simple design and high-throughput nanofabrication tool for the 
realization of large area plasmonic nanostructures. 
   The designed nanostructures need to provide the high intensity field, 
enabling to detect the refractive index change of the surroundings and enhance 
the Raman intensity of molecules.  
   LSPR-based sensors are limited to a low sensitivity, arising from the 
excitation of the dipolar resonance as a result of large radiative damping from 
the individual nanostructure, which makes it difficult to detect the subtle 
variation of the refractive index change from small molecules. Hence, 
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plasmonic nanostructures with high performance sensitivity and narrow 
linewidth are highly desired. 
   Tuning LSPR plays a critical role in enhancing the Raman intensity of 
the molecules, owing to the fact that the resonance wavelength needs to well 
match the excitation wavelength and also overlap with an electronic 
absorption band of interest. However, there is still a lack of knowledge on 
flexibly tuning LSPR wavelength of nanostructures by a simple and efficient 
approach. 
1.2.2. Research contributions 
      The main contributions of this thesis can be summarized as following: 
   A novel hybrid nanofabrication technique has been investigated. By the 
combination of LIL and thermal annealing, metallic nanodot array with a size 
dimension of sub-50 nm is fabricated for the first time. The significance of the 
nanofabrication method is that it provides the feasibility to realize plasmonic 
nanostructures over a large area with good uniformity and tunable plasmon 
resonance in UV-visible range.  
   The refractive index sensitivity of the nanodot array has been improved 
when compared to that of nanodots formed only by thermal annealing. The 
enhancement in the response to the refractive index of the surroundings is 
attributed to the excitation of LSPR induced by nanodot array with a good 
uniformity both in terms of size dimension and particle distribution. This 
result provides the clear evidence that the fabricated nanodot array can be 
applied to serve as the refractive index sensors, and also confirms the point 
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that more intense near-field energy can be generated by nanostructures with 
more uniform geometries.  
   Tuning LSPR has been achieved by arranging the concentration of the 
material, which is confirmed both by bimetallic nanodots and nanodot array. 
In particular, the resonance wavelengths of LSPR for these nanostructures are 
able to shift towards a longer wavelength with an increase of Au 
concentration. This finding provides a simple and easily-producible approach 
to tune the optical properties of LSPR in a wide range.  
   The Raman intensity of the molecules R6G has been enhanced by 
bimetallic Ag/Au nanodot array. The tunable plasmon resonances can be 
applied to further enhance the Raman intensity, arising from a good matching 
condition occurring between the plasmon resonance wavelength of the 
nanostructures and the excitation wavelength. LSPR of nanodot array also 
overlaps a particular absorption band of the molecules R6G as a result of the 
enhancements in the molecule absorption and emission. This result indicates 
that the Raman scattering of the molecules can be dramatically amplified if the 
plasmon resonance can be engineered and optimized. 
   The refractive index sensitivity has been improved by a periodic array 
of nanorods due to the excitation of surface lattice resonances, which provides 
the ability to shape a narrow linewidth and strong near-field spatial 
distributions. One of most significant advantages is the design of 
straightforward structural parameters, which can be patterned by the laser over 
a large area.  
   Tuning the surface lattice resonance has been achieved by varying the 
lattice constant of gold nanorod array. In particular, the spectral wavelengths 
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and shapes of surface lattice resonances (SLR) and LSPR can be flexibly 
tuned due to the strong modification on the excitation condition of SLR. Such 
optimized nanostructures can provide an even higher refractive index sensing 
sensitivity for SLR mode due to much stronger near-field enhancements 
extending in the whole plane of nanorods.  
1.3. Organization of thesis 
The organization of this thesis addresses the objectives of this research. 
      Chapter 2 covers the theoretical background of the fundamentals of 
surface plasmon, the prime applications of plasmonic sensing based on LSPR 
and nanofabrication techniques employed in this study.  
      Chapter 3 presents the detailed experimental procedure employed in this 
study, consisting of the experimental setup, characterization method as well as 
the simulation tool.  
      Chapter 4 reports a scalable, rapid and inexpensive method based on the 
combination of LIL and thermal annealing for the fabrication of disordered 
and quasi-ordered metallic nanodots on glass substrates with tunable LSPR. 
These nanostructures give the ability to detect the variation of the refractive 
index change from the surrounding media and to enhance the Raman intensity 
of molecules.  
      Chapter 5 shows that the excitation of the surface lattice resonance in an 
array of nanorods can induce a strong modification in the transmission 
characteristics, leading to a narrow line shape and strong near-field spatial 
distributions extending in the plane of the array. This resonance has to be 
excited under the specific light polarization, which gives the ability to have 
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large refractive index sensitivity and high figure of merit confirmed both by 
simulation and experimental results.  
      Chapter 6 studies the influence of varying the lattice constant of Au 
nanorod array on SLR. The optical properties and near-field intensity 
distributions at plasmon resonances for nanorod array with different lattice 
constants are investigated. It is found that tuning the lattice constant of 
nanorod array can modify the resonance wavelength and linewidth of SLR and 
LSPR.  
      Chapter 7 gives an overall conclusion of the research project. The results 
of the design, fabrication and characterization of large area plasmonic 
nanostructures are summarized. The prospective developments of these 
nanostructures on the potential applications are also explored.  
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Chapter 2 Theoretical Background 
      This chapter reviews the fundamentals of localized surface plasmon 
resonances (LSPR) and the nanofabrication technique employed in this study. 
Firstly, the basic concepts of surface plasmon polaritons and localized surface 
plasmon resonances induced by a single nanoparticle as well as an array of 
nanoparticle will be described. Secondly, the working principle of LSPR-
based nanosensors will be discussed, with special attention on refractive index 
sensing and surface enhanced Raman spectroscopy (SERS). Thirdly, we will 
explain how laser interference lithography can be applied to generate large 
area plasmonic nanostructures and the related factors that affect the patterns.  
2.1. Physics of localized surface plasmon resonances  
      Localized surface plasmons have been drawing great attention of research 
recently due to the interaction between the light and nanoparticles of the 
dimension much smaller than the incident wavelength. This leads to plasmon 
that oscillates locally around nanoparticles with a frequency known as the 
localized surface plasmon resonance (LSPR). The LSPR is sensitive to 
changes in the local environment, which can be used for refractive index 
sensing through a LSPR wavelength-shift measurement. The LSPR 
wavelength is also determined by the geometric parameters of metallic 
nanoparticles, involving the sizes, shapes, materials and local dielectric 
properties. 
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2.1.1. Theoretical background of surface plasmon polaritons 
2.1.1.1. Equations of surface plasmon polaritons  
      A plasmon can be described as an oscillation of free electron density with 
respect to the fixed positive ions in a metal [1]. To explain the physics behind 
free electron oscillations, the Drude model, as one of the simplest models, can 
be used to describe the response of a metallic particle exposed to an external 
electric field. This model is proposed by Paul Drude [2] at the beginning of the 
20
th
 century. The Drude model assumes that the electron dynamics in metal 
can be described in a microscopic view and treated classically. These plasmon 
oscillations therefore can be explained by mechanical oscillations of the 
electron gas in a metal. The presence of an external electric field can cause 
displacements of the electron gas with respect to the fixed ionic cores. The 
Drude-Sommerfeld model of a free electron gas is given by [3] 
  
   
   
     
  
  
     
     ,                                                             (Eq. 2.1) 
where    describes a damping term,   the effective free electron mass,   the 
free electron charge,   the frequency,    amplitude of the applied electric 
field and   position of the negative charge center, respectively. The dielectric 
function of the Drude mode is derived by solving Eq. 2.1: 
         
  
 
       
, with    √
      
  
 .                                        (Eq. 2.2) 
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      Here    is the volume or bulk plasmon frequency (electron density    
      
 ),    is the electron gas parameter,    is the permittivity of ionic 
background in the metal, and    is the collision frequency. For larger 
frequencies close to   ,    and    can be ignored due to negligible damping. 
The Drude dielectric function of the undamped free electron plasma can be 
simplified as         
    . There are two distinguishable frequency 
regions: if      ,    is positive and the corresponding refractive index 
  √   is a real quantity [4]. On the other hand, if     ,    becomes 
negative and   is imaginary, which implies an electromagnetic wave cannot 
propagate inside the medium.  
2.1.1.2. Dispersion curve of surface plasmon polaritons 
      In order to understand the properties of surface plasmon polaritons (SPPs), 
the derivation of the dispersion relation is required. The simplest geometry 
sustaining SPPs is that of a flat interface between a dielectric, non-absorbing 
half space (z > 0) with positive real dielectric constant    and an adjacent 
conducting half space (z < 0) described through a dielectric function       
(Fig. 2.1 (a)). A complex parallel wavenumber is      
     
  , in which the 
real part   
  determines the SPP wavelength and the imaginary part   
   
represents the damping of the SPP, as it propagates along the interface. The 
real and imaginary parts of    can be obtained from the equation
 
[5,6]: 
      √
    
     
 ,                                                                                  (Eq. 2.3) 
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where        ,    and    are the metal and dielectric permittivities, 
respectively. The important feature of surface plasmons [7] is that for the same 
frequency, the momentum (     ) of the SPP wave is always larger than that 
of the light in free space photon (ħ ) (Fig 2.1 (b)). In other words, there is a 
momentum mismatch between light (yellow solid line) and SPP (red solid 
line). The surface plasmon polaritons can be excited only when one can 
provide the missing momentum through tilting the light line to a certain angle 
in a dielectric medium (yellow dashed line).  
      The skin depth and propagation length are the basic properties of surface 
plasmons. They are determined by the imaginary part of the dielectric function 
that is related to energy dissipation of the material. The skin depth   is defined 
as the distance, where the exponentially decreasing evanescent field   |  || | 













     
  
                                 




     
  
                                   
 .               (Eq. 2.4) 
      Since the dielectric constant    is usually much smaller than the real part 
of    , Eq. 2.4 can be replaced with the approximation            
  , 
where       
     
  . If a surface plasmon propagates along a smooth 
surface, the intensity decrease with x as      
    where      
     
  . The 
length         
    is defined as the propagation length that the intensity has 
fallen to 1/e.  
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Figure 2.1 (a) Surface plasmon polaritons at a dielectric-metal interface. (b) 
Plasmon dispersion curves at a metal/air interface. The dispersion curves of 
plasmons (red solid line for surface plasmon and blue solid line for free 
electrons) do not cross the light cone (yellow solid line) at any point. [7]  
2.1.1.3. Excitation of surface plasmons 
      The excitation of a surface plasmon polariton by light is only possible if 
the wavevector of the exciting light can be increased over its free-space value. 
The momentum of light and SPP can be matched using different coupler 
configurations such as prism couplers, grating couplers, fibre and waveguide 
couplers. 
      Prism couplers are the most frequently used methods to excite surface 
plasmons. Using the attenuated total reflection (ATR) method, the 
Kretschmann configuration can achieve the excitation (Fig 2.2 (a)). A light 
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wave passes through a high refractive index prism and is totally reflected at 
the base of the prism, resulting in an evanescent wave penetrating into a thin 
metal film. By controlling the angle of the incidence, the light wavevector in 
the prism can match with the SPP wavevector on an air-metal surface.  
 
Figure 2.2 SPP excitation configurations: (a) Kretschmann geometry, (b) two-
layer Kretschmann geometry, (c) Otto geometry, (d) excitation with an SNOM 
probe, (e) diffraction on a grating and (f) diffraction on surface features. [7] 
      A two-layer geometry Kretschmann configuration is applied when the 
tunneling distance is increased (Fig 2.2 (b)). This is because the increased 
distance can affect the efficiency of the SPP excitation. This configuration 
includes a dielectric layer which is deposited between the prism and the metal 
film. The refractive index of the dielectric is smaller than that of the prism. 
Thus, the light tunneling through this dielectric layer excites SPPs on an 
internal metal interface at different incident angles.  
      If the metal film is too thick, the Kretschmann configuration cannot be 
used to excite SPPs. An Otto configuration can overcome the problem by 
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placing the prism close to the metal surface (Fig. 2.2 (c)). In this case, the light 
tunneling occurs through the air gap between the prism and the surface.  
      It is also possible to excite SPPs locally at a given place on a surface by 
using scanning near-field optical microscope (SNOM) (Fig. 2.2 (d)). A near-
field coupling occurs between the light and the sub-wavelength aperture of the 
fiber tip. 
      Diffraction is another example to provide the wavevector conservation for 
the SPP excitation (Figs. 2.2 (e) and (f)). The diffracted orders of the 
periodically corrugated metal-dielectric interface can exhibit larger 
wavevectors in the magnitude than those of the incident light, leading to the 
light coupled to the SPP through the metal grating. A rough surface can also 
allow the SPPs to be excited on both the air-metal and glass-metal interfaces 
(Fig. 2.2 (f)).  
2.1.2. Theoretical background of localized surface plasmon resonances: 
single nanoparticles and a periodic array of nanoparticles 
Surface plasmons can be localized in geometries [8], such as metallic 
particles [9], or voids of various topologies [10]. Such surface excitations in 
bounded geometries are called localized surface plasmons (LSPs). These 
resonances induced by the noble metal nanostructures, can create sharp 
spectral absorption and scattering as well as strong electromagnetic near-field 
enhancements.  
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2.1.2.1. Single metallic nanoparticles  
      For a spherical metallic nanoparticle of radius    embedded in a non-
absorbing surrounding medium of dielectric constant       , the interaction 
between light and nanoparticle can be analyzed using the simple quasi-static 
approximation, giving the particle polarizability   [11]: 
      
        
         
 ,                                                                              (Eq. 2.5) 
where the complex        describes the dispersive dielectric response of 
the metal. This equation indicates that the polarizability experiences a resonant 
enhancement under the condition that |         |  is a minimum. The 
resonance is simplified as: 
  [    ]           .                                                                          (Eq. 2.6) 
This relationship is called the Frӧhlich condition. For a sphere located in air 
consisting of a Drude metal with a dielectric function:  




 ,                                                                                      (Eq. 2.7) 
the Frӧhlich condition is satisfied at the frequency      √ . It implies the 
strong dependence of the resonance frequency on the dielectric environment.  
      Mie theory can be applied to explain the extinction coefficient      in the 
long-wavelength limit [12]: 
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 ] ,                                            (Eq. 2.8) 
where    describes the real density of the nanoparticles,   the radius of the 
metallic nanosphere,        the dielectric constant of the medium surrounding 
the nanosphere (assumed to be a positive, real number), λ the wavelength, and 
   and    the real and imaginary parts of the metal dielectric function, 
respectively. This equation indicates that a resonant peak is generated under 
the condition that             . When one considers spheroidal-shape 
particles, the term            is replaced by            , where χ is a 
parameter that depends on the shape of the spheroid, increasing from 2 for a 
sphere to 17 for a spheroid with an aspect ratio of 5:1 [13-15].  
 
Figure 2.3 (a) SEM and dark-field images of several metallic nanoparticles 
made by e-beam lithography. From left to right, the shapes are a rod, a disc, 
and two triangles. The thickness of these particles was 30 nm and the substrate 
was silica glass coated with 20 nm of ITO. The scale bar is 300 nm. [15] (b) 
TEM images and lateral size as a function of spectral peak wavelength for a 
diverse collection of individual silver nanoparticles. [16] 
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      This fact implies that      is highly dependent on particle shape and size 
[16], which is shown in Fig. 2.3. It is clearly observed that the geometrical 
shape of a nanoparticle plays a key role in determining the plasmon resonance 
and the spectrum is red-shifted with increase in the particle size. When the 
particle size is comparable to or larger than the wavelength, the retardation 
effect and the excitation of higher-order (quadruple and higher) mode should 
be considered.  
2.1.2.2. A periodic array of nanoparticles 
      Based on the previous studies of LSPR for a single particle, it is observed 
that the plasmon resonance strongly depends on the geometric details of the 
particle as well as the dielectric properties of the particle material and the 
surrounding medium. For an ensemble of particles, the individual plasmon 
resonance is additionally modified by the electromagnetic particle interaction. 
Typically, two types of interactions can be distinguished: near-field coupling 
and far-field (dipolar) interaction. Near-field coupling is related to nearly 
touching particles due to the short range of the electromagnetic near fields in 
the order of some tens of nm [17]. It is found that near-field dipolar interaction 
between adjacent particles is dominated by a distance dependence of     [18]. 
These strongly distance-dependent interactions can be attributed to Coulombic 
force interactions between the electrons in neighboring particles.  
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Figure 2.4 (a) Dark-field images of an array of silver particles (80-nm 
diameter and 25-nm height) in two orthogonal polarization configurations. The 
text “NANO” is written with pairs of such particles with an interparticle 
distance of approximately 110 nm. [18] (b) Experimental extinction 
measurement of single structures, a disk (red solid line), a concentric ring/disk 
cavity (blue solid line), and ring (black solid line). D_out = 250 nm, D_in = 
100 nm, D_disk ≈ 75 nm. The insets show SEM images of the structures, 
with a scale bar of 100 nm. [20] (c) Transmittance (T) and reflectance (R) 
from a plasmonic crystal of nanoantennas as a function of wavelength for 
different angles of incidence, θ = 6° (black solid line) and θ=10° (red dashed 
line), respectively. Inset: SEM image of a plasmonic crystal of nanoantennas. 
The bottom of the plot is 1-R-T as a function of wavelength for 6º (black solid 
line) and 10° (red dashed line). [21] 
      On the other hand, far-field interaction can be generated by the 
nanostructures’ scattered light fields [19]. Nanoparticles forming an array with 
the interparticle distance exceeding those allowing near-field coupling are thus 
interacting through their dipolar fields [20], giving rise to the collective 
radiation. When the plasmon resonance is driven by a periodic array of 
nanostructures, a strong modification in transmission/extinction characteristics 
can be observed. A special case can occur under the condition that the distance 
between nanostructures is equal to the light wavelength. In this case, far-field 
dipolar interaction acts effectively as a grating, leading to the increased 
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radiation damping of the collective resonances where the diffraction order 
changes from the evanescent to the radiative in characteristics [21].  
2.2. LSPR-based sensors 
It has been shown that plasmonic sensing [22] relies either on surface 
plasmons or localized surface plasmons based on continuous or nanostructured 
noble metal surfaces to detect molecular-binding events. The exploration and 
the development of plasmonic sensing are highly desired arising from its 
promising advantages over other sensing techniques. For example, compared 
to other molecular sensors, such as nuclear magnetic resonance [23] or x-ray 
diffraction [24], plasmonic sensors are compatible with liquid environments. 
Moreover, relative to other single-molecule techniques, such as Forster 
resonance energy transfers (FRET) between organic dyes, plasmonic sensors 
are considerably photo-stable, and cover large detection areas, as well as 
strong optical signals.  
The development of LSPR-based sensors has recently attracted 
considerable attention. The main reason is that these sensors provide 
simplified detection schemes, accurate sensing sensitivity, and high density 
multiplexed array configurations [25]. Moreover, LSPR sensors outperform 
SPR sensors in three aspects. Firstly, the molecules can be easily detected by 
naked eyes if the resonance shifts of the nanosensors are positioned in UV-
visible range of the spectrum. Secondly, the detection limits can be improved 
by manipulating sizes, shapes, materials and interparticle distances of 
nanostructures. Thirdly, LSPR-based sensors do not need large sample 
volumes and could be integrated into a nanochip, which has overcome the 
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challenging issues that SPR sensors are facing. In this section, we focus on 
theoretical discussion of the localized surface plasmon sensing and 
spectroscopy, with special attention on refractive index sensing and surface 
enhanced Raman spectroscopy (SERS).  
2.2.1. Refractive index sensing 
LSPR-based refractive index sensing is based on the assumption that the 
LSPR peak wavelength is highly dependent on the dielectric function of the 
medium. This assumption has been confirmed using the analytical, frequency-
dependent form for   based on the Drude model [26]. Therefore, the 
dependence of LSPR peak wavelength on the refractive index needs to be 
approximately linear at optical frequencies, which can be expressed by the 
following equation: 
       √       ,                                                                          (Eq. 2.9) 
where      is the LSPR peak wavelength,    is the wavelength corresponding 
to the plasma frequency of the bulk metal, and    is the refractive index of the 
surrounding media. The refractive index sensitivity S of a particular 
nanoparticle type is usually reported in nanometers of peak shift per refractive 
index unit (nm/RIU) [27]. 
  
   
  
 .                                                                                                 (Eq. 2.10) 
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Figure 2.5 (a) Measured optical absorbance of gold nanorod films in air (red 
dot line), water (blue dot line), ethanol (green dot line), and formamide (black 
dot line). (b) Plasmon resonance wavelength as a function of the refractive 
index. The sensitivity (slope) of nanorod film is 170 nm/RIU [28]. 
An example of this type of sensing [28] is shown in Fig. 2.5 (a) for a gold 
nanorod film in a series of solvents with different refractive indices: air (  
=1.000), water (  =1.333), ethanol (  =1.361), and formamide (  =1.428). It is 
clearly observed that LSPR resonances can gradually red-shift as the refractive 
index of the surroundings increases from 1.000 to 1.428. The sensitivity of 
gold nanorod substrates is calculated by fitting the variation of spectral shifts, 
which is shown in Fig. 2.5 (b). 
2.2.2. Surface enhanced Raman spectroscopy  
      Label-free LSPR sensing is a very useful technique for measuring protein 
binding kinetics, while it fails to identify bound molecules because they only 
record refractive index changes. Raman spectroscopy is able to identify 
unknown bio/chemical molecules in many applications which are highly 
desired, such as diagnosis, medical therapy and environmental sensing. 
Surface enhanced Raman spectroscope [29] is firstly applied to observe the 
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molecules on the roughened silver electrodes. It has been found that a wide 
variety of substrates can serve as the surface enhanced substrates, consisting of 
electrochemically modified electrodes, colloids [30], island films [31], and 
regular particle arrays [32]. Moreover, Raman spectroscopy possesses some 
distinct advantages compared with other vibrational spectroscopies such as 
Fourier-transform infrared spectroscopy (FTIR) because Raman transitions 
that are not IR-active can be probed by using Raman spectroscopy [33]. When 
Raman spectroscopy is combined with near-field scanning optical microscope 
(NSOM) for the chemical imaging of a sample, a high-resolution Raman 
imaging can be obtained, known as tip-enhanced Raman spectroscopy (TERS) 
[34]. In addition, Raman spectroscopy can perform well in water. On the other 
hand, there is a strong absorption in the water at the mid-IR range, which may 
affect the bio/chemical detection in FTIR. For these reasons, Raman 
spectroscopy has been a valuable analytical technique in physical, chemical 
and material science.  
      The challenging issue in Raman spectroscopy is that Raman scattering 





) is about 14-15 orders of magnitude lower 




) [35]. However, it has been shown that 





when a molecule is very close to a roughened or nanostructured noble metal 
substrate. The surface enhanced Raman spectroscopy (SERS) can support both 
a ‘chemical’ enhancement of roughly 10-100 times and an ‘electromagnetic’ 
enhancement, due to the excitation of LSPR and large field intensity around 
metal substrates [33]. 
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      The electromagnetic enhancement mechanism can be explained by 
modeling the roughness as small metallic nanoparticles whose diameters are 
much smaller than the wavelength of the incident light (Fig 2.6). Under the 
influence of an external electromagnetic field, the strong local field can be 
generated due to free electron oscillations from metallic nanoparticles. Such 
strong field can result in the enhanced Raman signals by many orders of 
magnitude. In this process, the nanoparticle acts as both a receiver and a 
transmitter as a result of the intensity being enhanced twice. In particular, the 
incident field is localized and intensified by the nanoparticle, leading to the 
intense field seen by the Raman-active molecules (Fig. 2.6 (a)). The 
nanoparticle provides the strong scattered field (Fig. 2.6 (b)), which can be 
detected by a Raman spectroscope. Thus, the nanoparticle enhances both 
incoming and scattered light, resulting in the SERS signal proportional to the 
fourth power of the electric field.  
 
Figure 2.6 A gold nanoparticle enhances both (a) the incident field and (b) the 
scattered field, greatly increasing the Raman signal from a proximate 
molecule.  
      According to the electromagnetic (EM) enhancement, the enhancement 
factor EF at each molecule is (approximately) given by [33]: 
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   |    | |     |  ,                                                                      (Eq. 2.11) 
where      is the local electric field enhancement factor at the incident 
frequency   and |    | the corresponding factor at the Stokes shifted 
frequency  . The equation predicts that there is a well-defined relationship 
between the LSPR spectrum and the surface enhanced Raman excitation 
spectrum of a SERS active surface. In particular, the magnitude of the 
enhancement factor can be optimized by tailoring the size, shape, interparticle 
distance and local dielectric environment of the nanoparticles [36]. One of the 
most effective approaches to optimize the magnitude of the Raman scattering 
is to ensure that the LSPR wavelength can match well with the excitation 
wavelength of the laser beam and also overlap with an electronic absorption 
band of interest [37]. The Raman scattering intensity of this vibration mode 
can be effectively amplified by metallic nanostructures. Therefore, tuning 
LSPR resonance wavelength of SERS substrates in a specific range is of great 
importance to enhance Raman scattering of the molecules.    
2.3. Laser interference lithography (LIL) 
In this section, we explain how the plasmonic nanostructures can be 
prepared by laser interference lithography (LIL) over a large area. In this 
maskless lithography technique, the standing wave pattern is used to expose a 
photoresist layer. We will introduce the fundamental concepts on the 
interference lithography and then discuss some important factors that can be 
applied to complex plasmonic nanostructures.  
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2.3.1. Working principle 
LIL is a maskless and non-contact nanofabrication technique. With only a 
few minutes of the light exposure followed by photoresist develop and 
chemical etching, periodic nanoline and nanodot array can be created over a 
large area on the centimeter scale [38]. The principle of this technique is based 
on the interference of two coherent light beams to form a horizontal standing 
wave pattern, as shown in Fig. 2.7 (a).  
 
Figure 2.7 (a) Principle of two laser beam interference. (b) Schematic diagram 
of Lloyd’s mirror interferometer. 
      The intensity and phase relation result in a holographic pattern consisting 
of dark and bright spots which can be expressed as [39]: 
          √          ,                                                             (Eq. 2.12) 
where    is the intensity of the beam spot, and   is the phase difference 
between the two beams. The phase difference   is due to the angle between 
the two coherent laser beams. For the two-beam interference, the standing 




               
 ,                                                                                (Eq. 2.13) 
where λ is the laser wavelength,    and    are angles between the normal of 
the exposed surface and the beams 1 and 2.  
      A simple setup to realize LIL is a two-beam Lloyd’s mirror 
interferometer
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, which is shown in Fig. 2.7 (b). It allows for the large scale 
fabrication of nanostructures combined with the fast alignment and easily 
adjustable pattern sizes compared to other interferometers. For the Lloyd’s 
mirror interferometer, the period (Λ) of the standing wave is given as below: 
  
 
     
 ,                                                                                             (Eq. 2.14) 
where λ is the light wavelength, and θ is the half angle at which the two beams 
intersect. This equation indicates that the period of nanostructures can be 
controlled and reduced by increasing the incident angle during the LIL 
exposure.  
2.3.2. Multi-exposure  
      Using a two-beam Lloyd’s interferometer, a single exposure creates a line 
pattern. To form a more complex pattern, more than one exposure is needed. 
Combining the Lloyd’s mirror interferometer with a rotating substrate holder 
opens a new opportunity to make a variety of nanostructures. Rotating the 
substrate over an angle α and then exposing the substrate a second time can 
create new patterns, like two dimensional (2D) structures of pillars or holes in 
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square [40] or hexagonal lattices [41]. The substrate can be exposed two times, 
or even many times. Therefore, exposure time, incidence angle θ, and rotation 
angle α, are important factors that affect the pattern. For example, a grating 
pattern can be generated under a single exposure, while 2D nanodisk or 
nanohole patterns require double exposures. Moreover, adjustment of the 
incidence angle can be used to control the period of the pattern (Eq. 2.14), 
showing that the period is inversely proportional to the incidence angle. In 
addition, the rotation angle of the substrate holder can be used to control the 
lattice shape. The experiment to pattern complicate nanostructures will be 
described in detail in Chapter 3.  
2.4. Summary 
      To sum up, this chapter has reviewed the fundamentals of surface 
plasmons and the localized surface plasmons excited by the single 
nanoparticle or an array of nanoparticles. The localized surface plasmon-based 
sensing and spectroscopy are also presented, with special attention on 
refractive index sensing and surface enhanced Raman spectroscopy. In the 
latter part of the chapter, a patterning technique, laser interference lithography, 
is introduced. We describe the working principle of LIL and important factors 
that influence the patterned structures.  
2.5. References 
[1] R. Zia, J. A. Schuller, A. Chandran and M. L. Brongersma, “Plasmonics: 
the next chip-scale technology,” Mater. Today 9, 20-27 (2006). 
47 
[2] P. Drude, “Zur elektronentheorie der metalle,” Ann. Phys. 3, 566-613 
(1900). 
[3] P. Durde, “Zur elektronentheorie der metalle; II teil. galvanomagnetische 
und thermomagnetische effecte,” Ann. Phys. 3, 369-402 (1900). 
[4] J. B. Pendry, “Negative refraction makes a perfect lens,” Phys. Rev. Lett. 
85, 3966 (2000). 
[5] J. Henzie, J. Lee, M. H. Lee, W. Hasan, and T. W. Odom, 
“Nanofabrication of plasmonic structures,” Annu. Rev. Phys. Chem. 60, 147-
165 (2009). 
[6] H. Raether, Surface plasmons on smooth and rough surface and on grating, 
Vol. 111 of Springer tracts in modern physics, Springer-Verlag, Berlin (1988). 
[7] A. V. Zayats, and I. I. Smolyaninov, “Near-field photonics: surface 
plasmon polaritons and localized surface plasmons,” J. Opt. A: Pure Appl. Opt. 
5, S16 (2003). 
[8] B. Hecht, H. Bielefeldt, L. Novotny, Y. Inouye, and D. W. Pohl, “Local 
excitation, scattering and interference of surface plasmons,” Phys. Rev. Lett. 
77, 1889-1892 (1996). 
[9] W. Rechberger, A. Hohenau, A. Leitner, J. R. Krenn, B. Lamprecht, F. R. 
Aussenegg, “Optical properties of two interacting gold nanoparticles,” Opt. 
Comm. 220, 137-141 (2003). 
[10] U. Kreibig and M. Vollmer, Optical properties of metal clusters, Springer 
Series in Materials Science 25, Springer-Verlag, Heidelberg (1995). 
[11] S. A. Maier, Plasmonics: fundamentals and applications, Springer, New 
York (2007). 
48 
[12] B. Hecht, H. Bielefeldt, L. Novotny, Y. Inouye, and D. W. Pohl, “Local 
excitation, scattering, and interference of surface plasmons,” Phys. Rev. Lett. 
77, 1889-1892 (1996). 
[13] Z. M. Wang and A. Neogi, Nanoscale photonics and optoelectronics: 
science and technology, Spinger, New York (2010).  
[14] J. Homola, “Surface plasmon resonance sensors for detection of chemical 
and biological species”, Chem. Rev. 108, 462-493 (2008). 
[15] W. A. Murray and W. L. Barnes, “Plasmonic materials,” Adv. Mater. 19, 
3771-3782 (2007). 
[16] J. J. Mock, M. Barbic, D. R. Smith, D. A. Schultz, and S. Schultz, “Shape 
effects in plasmon resonance of individual colloidal silver nanoparticles,” J. 
Chem. Phys. 116, 6755 (2002). 
[17] J. Homolar, S. S. Yee and G. Gauglitz, “Surface plasmon resonance 
sensors: review”, Sens. Actuat. B Chem. 54, 3-15 (1999). 
[18] N. A. Janunts, K. S. Baghdasaryan, Kh. V. Nerkarayan, and B. Hecht, 
“Excitation and superfocusing of surface plasmon polaritons on a silver-coated 
optical fiber tip”, Opt. Commun. 253, 118-124 (2005). 
[19] L. Salomon, G. Bassou, H. Aourag, J. P. Dufour, F. de Fornel, F. 
Carcenac, and A. V. Zayats, “Local excitation of surface plasmon polaritons at 
discontinuities of a metal film: theoretical analysis and optical near-field 
measurements”, Phys. Rev. B 65, 125409 (2002). 
[20] A. J. Haes, C. L. Haynes, A. D. McFarland, G. C. Schatz, R. P. V. Duyne, 
and S. Zou, “Plasmonic materials for surface-enhanced sensing and 
spectroscopy,” MRS Bull. 30, 368-375 (2005). 
49 
[21] G. Vecchi, V. Giannini, and J. G. Rivas, “Surface modes in plasmonic 
crystals induced by diffractive coupling of nanoantennas,” Phys. Rev. B 80, 
201401 (2009). 
[22] T. Endo, K. Kerman, N. Nagatani, H. M. Hiepa, Do-Kyun Kim, Yuji. 
Yonezawa, K. Nakano, and E. Tamiya, “Multiple label free detection of 
antigen-antibody reaction using localized surface plasmon resonance-based 
core-shell structured nanoparticle layer nanochip,” Anal. Chem. 78, 6465-
6475 (2006). 
[23] D. R. Bundle, H. Baumann, J. R. Brisson, S. M. Gagne, A. Zdanov, and 
M. Cygler, “The solution structure of a trisaccharide-antibody complex: 
comparison of NMR measurements with a crystal structures,” Biochemistry 33, 
5183-5192 (1994). 
[24] J. X. Wang, X. W. Sun, A. Wei, Y. Lei, X. P. Cai, C. M. Li and Z. L. 
Dong, “Zinc oxide nanocomb biosensor for glucose detection,” Appl. Phys. 
Lett. 88, 233106 (2006). 
[25] A. V. Kabashin, P. Evans, S. Pastkovsky, W. Hendren, G. A. Wurtz, R. 
Atkinson, P. Pollard, V. A. Podolskiy and A. V. Xayats, “Plasmonic nanorod 
metamaterials for biosensing,” Nat. Mater. 8, 867-871 (2009). 
[26] K. M. Mayer, and J. H. Hafner, “Localized surface plasmon resonance 
sensors,” Chem. Rev. 111, 3828-3857 (2011). 
[27] K. M. Mayer, S. Lee, H. W. Liao, B. C. Rostro, A. Fuentes, P. T. Scully, 
C. L. Nehl, and J. H. Hafner, “A label-free immunoassay based upon localized 
surface plasmon resonance of gold nanorods,” ACS Nano 4, 687-692 (2008). 
50 
[28] P. K. Jain, W. Y. Huang, and M. A. EI-Sayed, “On the universal scaling 
behavior of the distance decay of plasmon coupling in metal nanoparticles 
paris: a plasmon ruler equation,” Nano Lett. 7, 2080-2088 (2007). 
[29] D. L. Jeanmaire and R. P. Van Duyne, “Surface Raman electrochemistry. 
Part 1. Heterocyclic, aromatic and aliphatic amines adsorbed on the anodized 
silver electrode,” J. Electroanal. Chem. 84, 1-20 (1977). 
[30] J. A. Creighton, C. G. Blatchford, and M. G. Albrecht, “Surface enhanced 
Raman scattering (SERS) by molecules adsorbed at spherical particles: errata,” 
J. Chem. Soc. 75, 790 (1980). 
[31] D. A. Weitz, S. Garoff, and T. J. Gramila, “Excitation spectra of surface-
enhanced Raman scattering on silver-island films,” Opt. Lett. 7, 168 (1982). 
[32] N. Felidj, J. Aubard, G. Levi, J. R. Kreen, G. Schilder, A. Leitner, and F. 
R. Aussenegg, “Enhanced substrate-induced coupling in two-dimensional gold 
nanoparticle arrays,” Phys. Rev. B 66, 245407 (2002). 
[33] M. Moskovits, “Surface-enhance spectroscopy,” Rev. Mod. Phys. 57, 783 
(1985). 
[34] S. Kawata and V. M. Shalaev, Tip enhancement, Advances in nano-optics 
and nano-photonics, Elsevier, Amsterdam (2007). 
[35] C. L. Haynes, A. D. McFarland, R. P. Van Duyne, “Surface-enhanced 
Raman spectroscopy,” Anal. Chem. 77, 338a-346a (2005). 
[36] S. Lal, N. K. Grady, J. Kundu, C. S. Levin, J. B. Lassiter, and N. J. Halas, 
“Tailoring plasmonic substrates for surface enhanced spectroscopies,” Chem. 
Soc. Rev. 37, 898-911 (2008). 
51 
[37] N. Felidj, J. Aubard, and G. Levi, J. R. Krenn, A. Hohenau, G. Schider, A. 
Leitner, and F. R. Aussenegg, “Optimized surface-enhanced Raman scattering 
on gold nanoparticle arrays,” App. Phys. Lett. 82, 3095 (2003). 
[38] J. D. Boor, N. Geyer, U. Gosele, and V. Schmidt, “Three-beam 
interference lithography: upgrading a Lloyd’s interferometer for single-
exposure hexagonal patterning,” Opt. Lett. 34, 1783-1785 (2009). 
[39] S. C. Kitson, W. L. Barnes, and J. R. Sambles, “The fabrication of 
submicron hexagonal arrays using multiple-exposure optical interferometry,” 
IEEE Photon. Technol. Lett. 8, 1662-1664 (1996). 
[40] C. H. Liu, M. H. Hong, H. W. Cheung, F. Zhang, Z. Q. Huang, L. S. Tan, 
and T. S. A. Hor, “Bimetallic structure fabricated by laser interference 
lithography by tuning surface plasmon resonance,” Opt. Express 16, 10701-
10709 (2008). 
[41] T. B. O’Reilly, and Henry I. Smith, “Linewidth uniformity in Lloyd’s 








Chapter 3 Experimental Techniques 
      In this chapter, the experimental procedures carried out in this research 
will be described in detail. This chapter is divided into three main parts: 
fabrication, characterization and simulation. In particular, laser interference 
lithography (LIL), as one of the most important steps in the fabrication process, 
will be described. Secondly, the methods employed for the characterization of 
the structure will be discussed, namely scanning electron microscope (SEM), 
atomic force microscopy (AFM), UV-Vis-NIR spectroscopy, variable angle 
spectroscopic ellipsometry (VASE), and Raman spectroscopy. The simulation 
presented in the third part is carried out using the finite difference time domain 
(FDTD) method (Lumerical software).  
3.1. Fabrication techniques 
3.1.1. Fabrication Process 
      It has been shown that top-down lithography plays an important role in the 
fabrication of two-dimensional (2D) nanostructures in parallel. In general, the 
fabrication process is commonly separated into five main steps: (1) coating a 
substrate with the photoresist, (2) exposing the photoresist to the interference 
pattern of two coherent laser beams, (3) developing the patterned photoresist 
with a developer, (4) depositing metals on the patterned photoresist, and (5) 
transferring the pattern to the substrate by lift-off or metal etching. This 
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procedure is schematically illustrated in Fig. 3.1. In the following section, 
critical issues and the related experimental results will be described. 
 
Figure 3.1 Schematic diagram of the fabrication process of metallic 
nanostructures. 
3.1.2. Sample cleaning 
      The objective of sample cleaning is to remove organic and inorganic dust 
particles or other debris from the substrate, providing a clean surface for the 
photoresist coating process. Sample cleaning is of great importance for the 
photoresist coating. It determines the uniformity of the generated 
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nanostructures. The photoresist may be peeled off from the substrate if the 
substrate surface is not clean enough. Therefore, the standard wafer cleaning 
process is applied to clean the substrates. The substrate is processed in 
sequence for 30 minutes of cleaning by using acetone, isopropyl alcohol (IPA) 
and de-ionized (DI) water in an ultrasonic bath to remove the contaminants, 
and then dried by blowing with pure nitrogen (N2) gas.  
3.1.3. Photoresist coating 
      Photoresist coating is the process of uniformly covering a substrate with a 
light sensitive film. Typically, the function of the photoresist is to generate a 
pattern precisely under the illumination of light (e.g., UV light, or laser beam), 
and to serve as a mask for the metal pattern transferred to the substrate. A 
difference is made between (1) positive photoresist where the exposed area is 
removed by the developer and (2) negative photoresist where the exposed area 
is retained by the developer. The photoresists used in this study are N1405 
(negative photoresist) and S1805 (positive photoresist).  
      The photoresist coating process follows the protocol provided by the 
manufacture, Microchemicals [1]. It consists of three main steps: (1) HMDS 
coating to improve the adhesion of photoresist to the substrate; (2) spin 
coating a uniform resist layer; and (3) soft baking to further increase the 
adhesion and also to remove solvents. 
      Coating a uniform layer of the photoresist needs two steps: (1) low spin 
speed (500 rpm) with short spinning time (5 s) as the first step, which can 
prevent the resist from tearing off the substrate. The next step is to (2) use a 
high spining speed (5000 rpm) for a long spinning time (50 s), which can lead 
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to the solvent being evaporated completely so as to obtain the desirable 
thickness of the film. In this study, the resist thickness is measured by using a 
surface profile to ensure the consistency in the thickness.  
      A soft-baking process follows the spin coating. This process prevents the 
popping or foaming of the resist, improves the adhesion to the substrate, and 
minimizes dark erosion during the photoresist development [2]. In our study, 
the hotplate’s temperature is fixed at 100 ⁰C and the duration of the soft 
baking is 60 s. The baking time is adjusted depending on the substrate type 
(e.g. silicon or glass substrates). 
3.1.4. Laser interference lithography 
      Laser interference lithography (LIL) provides rich opportunities to 
fabricate periodic micro/nano-structures over large areas [3]. When compared 
to other top-down nanofabrication techniques, such as EBL or FIB, the 
advantages of LIL are low cost, high speed and large fabrication areas. In this 
study, the exposure process is performed via a standing wave formed by the 
interference of two coherent laser beams. The bright fringes are then recorded 
on the coated photoresist layer. The Lloyd’s mirror setup is applied to generate 
plasmonic nanostructures because of the fast alignment and easily adjustable 
pattern sizes compared to other interferometers.  
3.1.4.1. Lloyd’s mirror setup 
      In this work, Lloyd’s mirror interferometer is used for the lithographic 
exposure. The interferometer consists of an aluminum mirror (5 cm × 5 cm) 
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with a high reflectivity (> 92%) for the Helium-Cadmium (He-Cd) laser, 
which is mounted perpendicular to the sample holder. The aluminum mirror is 
selected because of its enhanced UV reflectivity compared to other mirrors. 
Our interferometer is designed for substrates with a dimension of 2 cm × 2 cm. 
One could expect large exposure areas up to 4 or 8 inches if a large mirror and 
a high power laser are used.  
      A simplified diagram of the optical setup is shown in Fig. 3.2. In this work, 
the continuous wave (CW) He-Cd laser has an average output power of 40 
mW and a long coherence length of 10 cm. The laser is optically filtered 
through a UV objective lens and a pinhole with a diameter of 5 μm, which 
removes high spatial-frequency noise, thus forming a near-Gaussian beam. 
Lloyd’s mirror interferometer consists of three parts: (1) a mirror, (2) a 
rotation stage and (3) a sample holder, which is placed in a distance of around 
1 meter away from the spatial filter. The whole setup is built on an actively 
damped optical table of 1.5 m × 2.5 m to avoid vibrations. 
 
Figure 3.2 Photographs of (a) He-Cd laser, mirrors and (b) the spatial filter 
(objective lens and pinhole with 5 µm in a diameter).  
      The expanded laser beam is spatially filtered through a pinhole in order to 
generate a coherent beam with a diameter of 8 cm at the interferometer. The 
light illuminates both the mirror and the sample. One part of the beam is 
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reflected from the mirror surface and interferes with the other part of the beam 
that is directly illuminating the sample. This interference provides a pattern 
with a periodicity given by          , where λ is the wavelength of the laser 
beam (325 nm for He-Cd laser), and   is the incidence angle between the 
incident light and the sample normal. By tuning the angle   the rotation stage, 
the periodicity of the pattern is easily varied from 500 nm to 1.5 μm.       
 
Figure 3.3 Photograph of Lloyd’s mirror interferometer setup. The angle 
between the mirror and sample stage is fixed at 90°.  
3.1.4.2. LIL exposure 
       The objective of LIL exposure is to directly transfer a geometric pattern to 
a light-sensitive photoresist. Double exposure is applied to form periodic 
nanodisk arrays. The subsequent cross exposure of the photoresist can 
generate nano-hole arrays on the substrate surface by rotating the sample by 
90° when the negative photoresist is applied. The geometry of the patterned 
nanohole arrays is highly dependent on not only the incident angle of the 
incoming beam, but also the exposure dose which is given by the product of 
the exposure intensity and the exposure time. The exposure time of the 
photoresist layer has to be well controlled. The reason is that different 
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exposure time generates different shapes of photoresist (Fig 3.4), which 
displays the SEM images of a negative photoresist. The photoresist has been 
exposed by LIL at the incident angle of 18° for 120 s. The main figure shows 
the top-view of the patterned photoresist, while the cross-sectional view is 
inserted in the bottom-left side to indicate the sidewall profile of the exposed 
photoresist. It can be seen that the morphology of the photoresist (top-view) 
indicates that the exposed area is cross-linked and retained on the substrate, 
while the unexposed area is removed by the developer, leaving a periodical 
nanohole array on the glass substrate. In this case, the period of the nanohole 
array is ~ 520 nm as an incident angle of 18° is used. The nanoholes have a 
diameter of around 250 nm, which is almost a half-size of the period. 
Furthermore, SEM image of nanohole arrays (cross-sectional view) displays 
the trapezoid shape with three ripples on the sidewall of the resist with a 
height of around 300 nm. The sidewall profile of the photoresist can be further 
improved by adding an extra anti-reflection layer between the glass surface 
and the photoresist. This process can suppress the secondary reflection and 





Figure 3.4 Morphology of the negative photoresist formed by LIL at an 
incident angle of 18° with a rotation angle of 90° for the second exposure. The 
main figure shows the SEM image of the patterned nanohole arrays (top-view), 
and its SEM image (cross-sectional view) is inserted in the bottom-left side.  
      There is another situation that a short exposure time is used. In this case, 
the photoresist is cross-linked and only the area where two intensity maxima 
overlap receives a total dose that exceeds the threshold value of the resist. This 
phenomenon results in “saddle points” in the patterned photoresist [4], leaving 
the rest of the negative resist as sharp edged nanopillar arrays on the substrate.  
      Figure 3.5 displays the difference in the geometry of Au nanostructures 
transferred by the negative photoresist with good-exposure (120 s) and short-
exposure time (30 s), respectively. The exposure intensity is simulated by 
using Matlab, which is plotted in Fig. 3.5 (a). When the negative resist is 
exposed well, Au nanodisk arrays can be obtained (Fig. 3.5 (c)). On the 
contrary, when the exposure time is not long enough, the area of medium 
intensity is developed by chemicals, forming nanodiamond pillars on the 
substrate shown in Fig. 3.5 (b). After the metal transfer, Au nanodiamond hole 
arrays with sharp edges can be generated via a lift-off process (Fig. 3.5 (d)).  
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Figure 3.5 (a) Simulated intensity distribution of UV light exposed to the 
photoresist layer twice with the rotation angle (α) of 90⁰. (b) SEM image of 
Au nanodisk arrays exposed twice by LIL for 120 s each. (c) SEM images of 
negative photoresist exposed twice by LIL for 30 s each. The cross-sectional 
view of the resist sidewall is inserted in the bottom-left side. (d) SEM image 
of Au nanodiamond arrays obtained by the resist exposed twice by LIL for 30 
s each. 
3.1.4.3. Photoresist development 
      The objective of the photoresist development is to pattern the photoresist 
coated on the glass surface by removing the exposed area (positive photoresist) 
or the unexposed area (negative photoresist) with chemicals. In our 
experiment, the development is carried out using md-533s for negative resist 
N1405, or md-319s for positive resist S1805. During the development process, 
the exposed sample is immersed inside the developer for 30 s, moved out and 
then flushed by DI water. Finally, the sample is dried with nitrogen (N2) gas.  
3.1.4.4. Tuning the period of nanohole arrays in the photoresist  
      The period of the nanohole arrays in the photoresist can be adjusted 
through tuning the incident angle of the incoming beam. Figure 3.6 shows the 
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approach used to generate nanorod hole arrays with two different lattice 
periods in x and y directions. In Fig. 3.6 (a), the dark area indicates the 
minimum intensity exposed by LIL, while the bright area indicates the 
maximum intensity exposed by LIL. The incident angle (θ) is reduced for the 
second exposure through tuning the rotation stage (Fig 3.6 (b)), leading to a 
larger lattice period of nanohole arrays in y direction (Fig. 3.6 (c)). Therefore, 
Au nanorod array with two different lattice periods in x and y directions is 
formed (Fig. 3.6 (d)). 
 
Figure 3.6 (a) Simulated intensity distribution of UV light in photoresist layer 
exposed twice to form a fringe pattern under the same incident angle (θ). (b) 
Photograph of Lloyd’s mirror interferometer to tune the incident angle of the 
incoming beam. (c) Simulated intensity distribution of UV light in photoresist 
layer exposed twice under incident angles (θ and   , where θ<   ). (d) SEM 
image of Au nanorod array formed by LIL after the pattern transfer via the lift-
off process. 
3.1.4.5. Tuning the lattice shape of photoresist by the rotation angle 
      Reducing the incidence angle at the second exposure to the Lloyd’s mirror 
interferometer can form an array of nanorod arranged in the rectangular lattice 
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shape. Sometimes hexagonal lattice arrangement is required in the study of 
spin-coupling. Tuning the rotation angle (α) of the sample for the second 
exposure by LIL can achieve this target.  
 
Figure 3.7 (a) Simulated intensity distribution of the photoresist layer exposed 
twice under the rotation angle (α) of 60°. (b) Corresponding SEM image of 
nanorod array with hexagonal lattice formed by LIL: θ = 19°, α = 60° (c) 
Simulated intensity distribution of the photoresist exposed twice under 
different incident angles (  and   ) and the rotation angle: θ = 19°,    = 38°, 
and α = 60°. (d) Corresponding SEM image of Au nanorod array after the 
pattern transfer: θ = 8°,    = 12°, and α = 60°. 
      The rotation angle in our study is defined as the angle that is used to place 
the sample on the sample holder for the second exposure through the Lloyd’s 
mirror interferometer. Typically, the rotation angle is 90° to form nanodisk 
arrays in the square lattice arrangement. One can expect to use the rotation 
angle of 60° in order to generate nanodisk arrays in hexagonal lattice shape. In 
this case, the simulated intensity distribution and the corresponding SEM 
image are shown in Figs 3.7 (a) and (b). Moreover, a complex nanorod array 
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with a special lattice arrangement can be formed by tuning both the incidence 
angle (θ) and the rotation angle (α) together (Figs. 3.7 (c) and (d)).  
3.1.5. RIE etching 
Reactive-ion etching (RIE) [5] is one of most popular dry plasma etching 
processes that include the plasma and the sputter etching processes together. 
Plasma systems are used to ionize reactive gasses and accelerate ions to 
bombard the surface. Highly anisotropic etching occurs together with the 
chemical reaction and the momentum transfer process from the etching species. 
By introducing an asymmetry into the system, a self-bias between the 
electrodes is produced, which provides the acceleration potential to direct the 
ions towards the wafer surface. In Fig. 3.8, the surface area of the upper 
electrode is made larger than one of the lower electrodes. The bottom 
electrode is now grounded and the wafer is placed on the electrode, which is 
driven by the RF source.  
 
Figure 3.8 Schematic diagram of the reactive ion etching (RIE) system. 
      In our research, RIE is used to modify sidewall profile of the photoresist 
after LIL multi-exposure. As seen in Fig. 3.4, a ragged line edge of the 
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sidewall is shown due to the internal reflection from the bottom layer of the 
substrate. RIE etching is required for the patterned resist, resulting in two 
benefits for the fabrication process [6,7]: (1) improving the resist sidewall 
profile, and (2) removing the unexposed resist from substrate. Figure 3.9 
shows a fabrication process of the photoresist etching after LIL exposure. 
According to our experience, the sidewall of the photoresist has a trapezoid 
shape with a base angle of around 80°, which is shown in Fig. 3.4. For 
nanostructures of a period smaller than 800 nm, the exposure intensity is 
dramatically decreased with an increase of the incidence angle. The reduced 
exposure intensity can lead to the worst sidewall performance of the resist, 
leading the resist being difficult to be lifted off. Therefore, using RIE to etch 
the unexposed resist using O2 gas is necessary. The etching time is from 15 to 
30 s.  
 
Figure 3.9 Process steps for photoresist lithography with RIE etching. The 
photoresist is exposed by LIL, developed, and then reactive ion etched in O2 
gas. 
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3.1.6. Electron beam evaporation 
      In our experiment, electron beam evaporation is a process employed to 
deposit metal films on the patterned photoresist, which is one step in the 
pattern transfer process. The electron beam evaporation process uses a focused 
electron beam to heat the metal for the deposition [8,9]. A wide variety of 
materials can be deposited using solid sources, including metals (e.g. Au, Ag, 
Al, Cr, and Cu), alloys or dielectric materials (e.g. SiO2, TiO2, and Si). A 
controlled deposition of thin films is achieved. In our study, a 2 nm thick Cr 
film is firstly coated on the photoresist mask, which offers a good adhesion 
between the metal layer and glass substrate. Au or Ag films are coated 
subsequently. In order to obtain a smooth film surface, coating rates of 
metallic thin films are fixed at around 0.02-0.04 nm/sec in our experiment. 
      Figure 3.10 displays a schematic diagram of the deposition process using 
an electron beam evaporator. Firstly, the pressure of the chamber should be 
pumped to a pressure of 10
-6
 Torr or lower. A tungsten filament inside the 
electron beam gun is heated. Electrons are then emitted from the filament until 
its temperature is high enough. These electrons are deflected and accelerated 
towards the material under a magnetic or electric field. When the electron 
beam strikes the target surface, the kinetic energy is transformed into the 
thermal energy (heat), allowing the target material to be vaporized. This 
vaporized beam travels towards the substrate and is then condensed to form a 
thin coating film.  
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Figure 3.10 Schematic diagram of an electron beam evaporator.  
3.1.7. Lift-off 
Lift-off is a technique to pattern metallic multilayers (such as Cu, Au, Cr, 
and Ag) in the semiconductor industry due to its promising advantages over 
other metal pattern techniques [10]: (1) composite layers consisting of several 
different materials can be deposited at once and transferred to the substrate 
with a single ‘lift-off’; (2) residues (e.g. the resist or polymer) that are difficult 
to be removed due to their oxidation in the dry etching process, can be easily 
avoided in the lift-off; (3) sloped sidewalls become possible. The lift-off 
process is illustrated in Fig. 3.1. In this drawing, an inverse pattern is formed 
as a sacrificial layer deposited on a substrate. The metal film is then deposited 
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both over the layer and in the opening of the pattern by the electron beam 
evaporation process. Those portions of the metal film deposited on the 
sacrificial layer are removed, when the substrate is immersed in a suitable 
solvent, leaving behind the desired metal patterns.  
In our experiment, nanodisk or nanorod array are desired. The negative 
photoresist is selected to form an inverse mask (nanohole arrays), and then 
metal films (e.g. Cr/Au and Cr/Ag/Au) are deposited by the electron beam 
evaporator. Lift-off is then performed using acetone and PG remover at room 
temperature with the help of ultrasonic agitation for a few minutes, leaving 
metallic nanodisk or nanorod array on the substrates. In the process, in order 
to obtain a successful lift-off, the ability to ensure the existence of a distinct 
break is important [11]. The break is a separation between the layer material 
deposited on top of the resist and the layer material deposited on top of the 
wafer substrate. Such a separation allows the dissolving liquid to reach and 
attack the resist. To ensure this distinct break, a thick mask having openings 
with steep and high sidewalls is highly demanded. Therefore, N1405 with a 
thickness of 500 nm is used to generate nanodisk or nanorod array with the 
thickness of metal films in the range from 10 to 40 nm, allowing a good 
distinct break for a clean lift-off.  
3.1.8. Thermal annealing 
      Thermal annealing is a process used for the intrinsic stress liberation, the 
improvement of structures, and the control of the surface roughness in the 
material [12]. In recent nanofabrication techniques, thermal annealing is a 
straightforward method to pattern isolated islands or metallic nanoparticles 
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from a continuous film through the dewetting of thin films at elevated 
annealing temperatures [13,14]. When a metallic thin film is heated up until 
the temperature is high enough to reach the melting point, the metal layer 
becomes the nucleation of holes, which extends through the film to the 
substrate surface [15]. In this step, the heating process provides the thermal 
energy to form the agglomeration of thin metal film. It plays an important role 
in the fabrication, since the control of the related dewetting parameters (e.g. 
annealing ambient, temperature and duration) can directly affect size and 
distribution of metallic nanoparticles [16,17].
 
      In this study, thermal annealing is carried out either in a room environment 
by a high-temperature furnace (HTCT 01/14 of Nabertherm, Germany) or in 
argon gas ambient by a horizontal tube vacuum furnace (Carbolite 1200C 
burn-off furnace). The heating temperature is varied from 200 to 800 °C. This 
technique is applied as a post-process to generate quasi-ordered nanodot array 
after the LIL, which will be demonstrated in Chapter 4. 
3.2. Characterization  
      In this thesis, the characterization involves two main types: imaging and 
spectroscopy. For the imaging part, scanning electron microscopy (SEM) and 
atomic force microscopy (AFM) are applied to obtain two-dimensional (2D) 
and three-dimensional (3D) images of the fabricated nanostructures. It 
provides the detailed information about the geometry of the prepared 
plasmonic nanostructures and interparticle distances among them. The 
geometric data obtained by SEM or AFM is necessary for the simulation. The 
other type is spectroscopies, which are used to measure the optical properties 
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of plasmonic nanostructures. These methods provide information related to 
resonance wavelength, intensity, and linewidth of the spectrum. In particular, 
transmission spectra of nanodisk and nanodot structures are measured by UV-
Visible Near-Infrared spectroscopy (UV-Vis-NIR spectroscopy), while 
variable angle spectroscopic ellipsometry (VASE) is employed to measure 
nanorod array under different light polarizations. Raman spectroscopy is also 
used to observe vibrations of the chemical molecules. Brief introductions of 
these devices are summarized in this section.   
3.2.1. Scanning electron microscopy 
      SEM is one of the most frequently used techniques to retrieve the samples’ 
surface morphology information using electrons [18]. It provides a highly 
magnified view of a surface topology down to the nanoscale. In general, in 
order to generate a large and stable current in a small beam, two classes of 
emission sources are discussed here: thermionic emitter and field emitter. 
Thermionic emitter uses electrical current to heat up a filament. The electrons 
escape from the filament when the heat is high enough. Thermionic sources 
have some drawbacks, such as low brightness, evaporation of the cathode 
materials and thermal drift during the operation. Field emission is an 
alternative way to overcome these issues. A field emission source (FES) 
(called as a cold cathode field emitter) does not heat the filament. The 
emission is performed by placing the filament in a huge electrical potential 
gradient. The FES is usually a wire of Tungsten (W) fashioned into a sharp 
point. The significance of the small tip radius (~100 nm) is to concentrate an 
electric field at an extreme level so that these electrons can leave the cathode. 
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FESEM can produce a clean image, less electrostatic distortion and spatial 
resolution reaching to 2 nm [19]. 
      Figure 3.11 displays a schematic diagram of FESEM. The setup comprises 
of two main parts: an electron column and an electron detection. In the 
electron column, an electron cathode generates an electron beam. The beam is 
collimated by electromagnetic condenser lenses, focused by an objective lens, 
and then rastered across the sample surface by the scanning coils. Secondary 
electrons and backscattered electrons are emitted from the specimen at the 
irradiated spot of the primary electron beam, so they are collected by the 
detector and form the specimen image on the screen of the microscope [20].  
      The field emission scanning electron microscope (FESEM JSM-7401F) 
was used to characterize the high resolution topography images of interested 
samples. The sample is firstly loaded inside the chamber and the vacuum 
pressure is pumped down to 2.8×10
-4
 Torr. The accelerating voltage can be 
tuned in a range from 5 to 30 kV, and the magnification factor can vary from 
20 to 300, 000. As the image of samples is captured by the reflected electrons, 
a low accelerating voltage (1~3 kV) and a long working distance (8 mm) are 
applied for non-conductive materials (e.g. quartz). It helps to suppress 
charging from the surface of the specimen where the irradiated electrons are 
accumulated. On the other hand, a high accelerating voltage (10 kV) and a 
short working distance (6 mm) are used for a conductive substrate (e.g. silicon 
wafer) to obtain a high resolution image with resolution up to a few 
nanometers. Alternatively, coating a thin Pt or Au film at a thickness of ~5 nm 
on the sample by a sputtering machine or an electron beam evaporator can 
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avoid the charging effect, but these samples are contaminated by adding an 
extra-layer of other metal thin films. 
 
Figure 3.11 Schematic drawing of a scanning electron microscope. 
3.2.2. Atomic force microscopy  
      SEM can be a good technique to image 2D samples, but may be not 
helpful in characterization of samples in three-dimension (3D). Atomic force 
microscopy (AFM) can provide measurements in all three dimensions, 
including height information with a vertical resolution of 0.5Å. AFM operates 
by using attractive or repulsive forces between a tip and the sample. The tips 
typically have an end radius of 2 to 20 nm, depending on the tip type [21]. 
During sample scanning, the AFM tip is able to probe an extremely small 
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interaction area by using a tip radius, which gives a high sensitivity to small 
forces. To make these forces accessible, the tip is suspended on a soft spring, 
known as the AFM cantilever. In AFM imaging modes, the cantilever is 
usually scanned over the surface to produce a 3D image of the surface. In our 
study, AFM is used to obtain the height information of plasmonic 
nanostructures. The model used in this project is DI 3100 from Veeco 
instrument, which allows a vertical resolution of 1 Å. 
3.2.3. UV-Vis-NIR spectroscopy 
      Plasmonic nanostructures can generate intense electromagnetic fields 
propagating or localized around nanostructures, arising from the strong light-
matter interaction induced by the incident light. These optical properties 
consisting of resonance intensity, resonance wavelength and the spectral shape 
can be systematically explored by a UV-Vis-NIR spectroscope. Recording 
down the transmission, absorbance or reflectance of the nanostructures helps 
us to understand the physics better, thus allowing us to design the 
functionalized nanostructures. Therefore, a UV-Vis-NIR spectroscope is 
necessary in this work [22]. It features three detectors and a high-performance 
double beam to ensure good sensitivity, reduced noise and ultra-low stray light. 
The schematic diagram is shown in Fig. 3.12. The basic part of the 
spectrophotometer consists of a light source, a focusing lens, a holder for the 
sample, a diffraction grating to separate different wavelengths of light, and 
three detectors. One photomultiplier tube is mainly used for the ultraviolet and 
visible regions, while InGaAs and PbS detectors for the near infrared region. 
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Figure 3.12 Schematic drawing of a dual-beam UV-Vis-NIR 
spectrophotometer 
      The light absorbance is expressed as the ratio between the incident 
radiation (Io) and the transmitted radiation (I), usually expressed as (T%). The 
absorbance, A, is based on the transmittance: A = − log(%T). As seen in Fig. 
3.12, the light is split into two beams before it reaches the sample. One beam 
is used as the reference, while the other beam passes through the sample.  
      For the measurement of reflectance (R%), the reflectance is calculated 
from the strength ratio after comparing the light reflected from the reference 
sample with the light reflected from the measurement sample. The reflectance 
of the reference sample is taken to be 100%, and the reflectance of the sample 
with respect to this reference is measured.  
      The measuring mode includes absorbance (Abs), transmittance (T%), 
reflectance (R%) and energy. The equipment used in our study is UV3600 
(Shimadzu), with the working wavelength from 185 nm to 3600 nm.   
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3.2.4. Variable angle spectroscopic ellipsometry  
      Variable angle spectroscopic ellipsometry (VASE) has been recognized as 
a highly precise and accurate analytical tool to calculate material parameters 
from the optical measurement data [23]. The numerous applications of VASE 
have been explored in the areas of thin films thickness, optical constants 
(refractive index and extinction coefficient), surface roughness, composition, 
and the transmission or reflection in variable incident angles. The advantages 
of VASE measurements are non-contact, non-destructive, and accurate 




   and    are the complex Fresnel reflectivities for the p- and s- polarized light. 
Moreover, the ellipsometry is a polarization-based measurement, providing 
highly accurate ellipsometric data over a wide spectral and angle range [24].  
      In our study, the ellipsometer (VASE ellipsometer, J.A. Woollam Co., Inc.) 
is employed to measure optical properties of nanorod array under the polarized 
light. This is because both the long and short axes of nanorods can excite 
longitudinal and transversal resonances, which brings complex spectral 
information under the un-polarized light. Therefore, VASE is necessary to 
study the coupling effect for nanorod array under different light polarizations 
and incident angles. Working wavelength provided by the ellipsometer is from 
230 to 1700 nm.  
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3.2.5. Raman spectroscopy  
Raman spectroscopy is an important analytical and research tool with wide 
applications ranging from pharmaceuticals, forensic science, polymers, thin 
films, and semiconductors [25]. It is a spectroscopic technique to observe 
vibration, rotation, and other low-frequency modes in systems. Raman 
scattering occurs when the light interacts with the molecules or is reflected, 
absorbed or scattered in some manner. Elastic scattering occurs when the 
photons are scattered with unchanged energy and frequency. On the other 
hand, inelastic scattering is found when a small number of photons are 
scattered with diminished or increased energy, hence with lower or higher 
frequency. The energy associated with the Raman shift is recognized to be the 
energy responsible for transitions between different rotational and vibrational 
states of the scattering molecules. In particular, Raman shift can be calculated 






 , where    is the Raman shift expressed in 
wavenumber,     is the excitation wavelength, and   is Raman spectral 
wavelength [26]. One of the most challenging issues is that it is hard to 
observe or detect Raman scattering of the molecules on the substrate. 
Plasmonic nanostructures can generate intense electromagnetic fields by the 
excitation of a specific light, allowing the enhancement in Raman intensities 
of the molecules on the metal surface, which is one of the major applications 
in the field of plasmonic sensing.  
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3.3. Simulation tool 
3.3.1. FDTD 
      In this research, simulation is a useful tool to better understand the 
interaction between the light and nanostructures, helping us to design 
nanostructures with desirable optical properties. Several simulation tools, such 
as effective-medium theory [27], quasi-static calculations [28], or discrete 
dipole approximation (DDA) [29], have been applied to discover absorption 
and localized near field energy. Among these simulation, finite-difference 
time-domain (FDTD) has been well recognized as a good simulation tool to 
solve the most challenging photonic design problems by solving Maxwell’s 
equations in three dimensions, thus enabling us to analyze the interaction of 
UV, visible, and IR radiations with complicated structures. Lumerical FDTD 
software provides graphical user interface (GUI) to set up the same 
environment with experiment so as to solve different types of problems in 
electromagnetics and photonics. In addition, it can also obtain frequency 
solution by exploiting Fourier transforms, thus complex Poynting vector and 
the transmission/reflection of the light can be calculated. Therefore, FDTD is 
used to simulate transmittance, reflectance and absorbance of the interested 
samples. The spatial electric field intensity distribution can also be easily 
calculated under different light polarizations.       
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3.4. Summary 
      In this research, laser interference lithography is applied to prepare 
plasmonic nanostructures. The fabricated nanostructures are then characterized 
by SEM and AFM for better understanding of their morphologies. The optical 
properties of nanostructures are measured by two types of spectroscopes: UV-
Vis-NIR spectroscope (e.g. under unpolarized light) and VASE (e.g. under 
different light polarizations). FDTD simulation is carried out to calculate the 
spectra of resonances, analyze optical responses, and specify electric field 
intensity distributions.  
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Chapter 4  Tuning Localized Surface Plasmon Resonances 
for Plasmonic Sensing: from Nanodots to Nanodot Array 
      This chapter will present a scalable, rapid and inexpensive method based 
on laser interference lithography (LIL) and thermal annealing for the 
fabrication of disordered and quasi-ordered metallic nanodots on glass 
substrates with tunable localized surface plasmon resonances (LSPR). These 
nanostructures give the ability to detect the variation of the refractive index 
change from the surrounding media and to enhance the Raman intensity of the 
molecules R6G. It is found that the sub-50 nm quasi-ordered nanodot array 
can provide better refractive index sensitivity than disorder nanodots. In 
addition, the tunable LSPR is achieved by controlling the Au concentration in 
Ag/Au nanodots, resulting in the enhancement of the Raman intensity of the 
molecules R6G due to the optimal coupling between localized plasmon and 
the incident laser beam.  
      In Section 4.1, localized surface plasmon resonances induced by metallic 
nanoparticles and their potentials to deliver plasmonic sensing applications are 
introduced. In Section 4.2, we employ a simple and inexpensive approach to 
fabricate large-scale metallic nanoparticles arranged in disordered and quasi-
ordered arrays on glass substrates, which gives the capabilities to tune the 
localized LSPR by varying the Au concentration of Ag/Au bimetallic 
nanoparticles. In Section 4.3, the fabricated nanodots are applied for 
plasmonic sensing, involving the refractive index (RI) sensing and the surface 
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enhanced Raman spectroscopy (SERS). At the end of this chapter in Section 
4.4, the conclusions of this work will be summarized.  
4.1. Introduction 
      Plasmonics has recently been the subject of intense research efforts due to 
its unique ability to concentrate the incident light into metallic structures [1]. It 
has been shown that coherent free-electron oscillations driven by the incident 
electric field can form two types of oscillations [2]: surface plasmon 
resonances (SPR) and localized surface plasmon resonances (LSPR). 
Plasmonic sensing [3] based on LSPR has attracted much research attention 
arising from its promising advantages, such as being label-free, simple, cost-
effective and suitable for measuring the local refractive index change. 
Plasmonic sensing applied to surface-enhanced spectroscopy [4] has also been 
studied recently because the resonant excitation of plasmons in metallic 
nanostructures can provide large field enhancements on the surface of metals, 
which in turn can provide dramatic increase in the detected spectroscopic 
signals from molecules absorbed on their surfaces [5]. A recent report has 
presented that the large field enhancements in plasmonics can form the 
ultrasensitive infrared spectrum and enable the detection of vibrational 
signatures of proteins [6]. Furthermore, in the field of plasmonic sensing, it is 
prudent to employ a simple and high-throughput approach to implement 
plasmonic nanostructures, which gives the potentials to transfer the technology 
from laboratory to the real fabrication in industry. 
      Over the last few decades, attempts to generate plasmonic nanostructures 
are focused on bottom-up and top-down nanofabrication techniques [7]. In 
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general, bottom-up nanofabrication provides unique biomolecular control, 
biomimetic behavior and the potential to create the material with sophisticated 
properties, but this work is limited to the inherent macroscopic disorder. This 
disorder could lead to the generation of complex metallic nanostructures, 
which brings with the difficulties in understanding and modeling the 
fundamental physics. Alternatively, top-down nanopatterning is a good 
candidate to avoid this issue [8]. The top-down nanofabrication method offers 
versatility, miniaturization, precision, reproducibility and batch fabrication 
capabilities, and has been applied to the semiconductor industry over a few 
decades. Laser interference lithography (LIL) [9] is a promising top-down 
nanofabrication technique that serves as a large-area, maskless and noncontact 
nanopatterning method, which can be used to pattern periodic nanolines and 
nanodisks on metallic thin films in a short time (only a few minutes exposure), 
but the dimension of the nanostructures is of the sub-micrometer scale. In 
addition, we also note that the thermal annealing of continuous metallic thin 
films can act as a simple approach to pattern large-area metallic nanostructures 
at a particle size down to sub-50 nm [10]. Such small feature size can let the 
plasmon resonance be positioned in the UV-visible range, providing an 
opportunity to detect the configuration of the molecules based on color 
observation [11]. But the challenging issue of this technique is that the formed 
metallic nanoparticles have a disordered distribution in size and interparticle 
distance, which may affect the properties and quality of the resonant features 
due to the important influence determined by size and interparticle distance in 
the excitation of LSPR [12]. If LIL is combined with thermal annealing, the 
uniformity of nanoparticles can be significantly improved. This idea will be 
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realized in this chapter.  
      Tuning the localized surface plasmon resonance of metallic nanoparticles 
remains a challenging issue in surface enhanced spectroscopy [13]. The 
Raman intensity of the bio/chemical molecules can be enhanced if the 
plasmon resonance of metallic nanoparticles matches the excitation of the 
incoming light and overlaps the absorption of the vibration of the interested 
band [14]. Therefore, this critical condition drives a strong desire to 
investigate the strategy of tuning the localized surface plasmon resonances 
over a broad band. In this chapter, we focus on innovation of a scalable, rapid 
and inexpensive method based on laser interference lithography (LIL) and 
thermal annealing to pattern metallic nanodots on glass substrates with tunable 
LSPR in UV-Visible range. These nanostructures give the ability to detect the 
variation of the refractive index change from the surrounding media and to 
enhance the Raman intensity of the molecules R6G. 
4.2. Experimental details 
4.2.1. Fabrication and characterization of bimetallic Ag/Au nanodots 
formed by thermal annealing 
Thermal annealing of 200 nm-thickness Au thin films has been reported 
recently, demonstrating the potential to modify the surface and to control well 
the grain size between 100 and 160 nm [15]. Another report proposed the 
annealing of Au thin film sputtered on glass substrate and emphasized the 
important role played by the thickness of the Au film; however this work only 
focused on the morphology study of the annealed film [16]. We also note that 
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the average size of Au nanostructures becomes bigger when the thickness of 
the Au film is increased. It is also observed that the absorption coefficients of 
Au nanostructures are slightly varied accompanying a gradual increase of the 
thickness of Au film [17]. Considering the difference in the dielectric 
constants between Ag and Au, tuning LSPR could be achieved by changing 
the Au concentration of bimetallic Ag/Au nanostructures, resulting in the 
spectrum tunabilities in UV-visible range. This idea will be demonstrated 
bellow.  
4.2.1.1. Fabrication procedures  
Quartz substrates are firstly cleaned in an ultrasound bath with acetone and 
isopropyl alcohol solution for 30 min each and finally rinsed with DI water. 
The cleaned glass slides are dried in an oven prior to metal deposition. The 
bimetallic Ag/Au metal films are deposited using an electron beam evaporator 
at a deposition rate of 0.02 nm/sec. In the film deposition, the total thickness 
remains at 8 nm. The variation of Au concentration is achieved by tuning the 
thickness of the Au thin film during the film coating process. The deposited 
samples are put inside a furnace for annealing at 500 °C. The annealing 
process is divided into three steps: (1) during the initial stage, the temperature 
is set to gradually increase from room temperature to the target temperature at 
a rate 25 °C/min, (2) constant heating at the target temperature for 1 hr., and (3) 
cooling for 8 hrs. from the target temperature to room temperature.  
When metal thin films deposited on the substrates are annealed at high 
temperatures, it leads to the formation of the agglomeration of the 
nanoparticles. It arises from the relaxation of the thermal stress during the 
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annealing process, accounting for the metal and the substrate having different 
thermal expansion coefficients [18]. Figure 4.1 shows the morphology of 
Ag/Au nanoparticles on quartz substrate formed by the annealing of Ag/Au 
bimetallic thin films of a thicknesses of 4/4 nm and at annealing temperature 
of 500 °C for 1 hr.. It is clearly observed that nanoparticles with round shape 
are randomly distributed on the substrate. While the diameter of particle size 
plays an important role in the optical properties of noble nanoparticles. Thus 
the effective diameters of the annealed nanoparticles are measured using 
ImageJ [19]. The SEM image of Ag/Au nanoparticles is analyzed and the 
corresponding size distribution is shown in the inset in the bottom-left side of 
Fig. 4.1. It is shown that the average size of nanoparticle is below 50 nm.  
 
Figure 4.1 SEM image of Ag/Au nanoparticles on quartz substrate formed by 
the thermal annealing of Ag/Au thin films of thickness of 4 and 4 nm. The 
scale bar is 100 nm. Size distribution of Ag/Au nanodots is shown in the inset 
in the bottom-left of the figure. 
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4.2.1.2. Optical characterization of Ag/Au nanoparticles with different Au 
concentrations  
      To realize the plasmonic nanoparticles over a large area, thermal annealing 
has been confirmed to be a cheap and simple method to generate metallic 
nanoparticles on the substrate with a spherical shape. A recent article proposed 
the use of thermal annealing to form gold nanoparticles so as to excite the 
localized plasmon resonance [19]. However, in this work, the resonance 
wavelength of Au nanoparticles is tuned from 542 to 558 nm by controlling 
the thickness of the Au film before thermal annealing, which provides only a 
limited range to tune the resonance. To overcome this shortcoming, we 
propose to tune the LSPR of nanoparticles by precisely controlling the Au 
concentration in Ag/Au nanodots, which can be achieved by controlling the 
thickness of the Au film during coating of Ag/Au bimetallic films.  
      Figure 4.2 (a) displays the measured transmission spectra of the annealed 
bimetallic Ag/Au films with various thicknesses of the Au film and the inset 
shows a SEM image of the Ag/Au nanoparticles generated by the annealing of 
Ag/Au (4/4 nm) film. The transmission spectra are normalized in order to 
focus on the spectral shift. LSPR resonance corresponds to a transmission dip 
in the spectra. The series of LSPR with different Au concentrations indicate 
that the dielectric constant of the nanostructures is changed. The spectral shift 
is plotted in Fig. 4.2 (b) with a linear fitting. It reveals that tuning LSPR can 
be easily achieved by varying the Au concentration of the nanoparticles. This 
result demonstrates that LSPR can be tuned over a wide range with a simple 
approach, without using a complex design of nanostructures.  
90 
 
Figure 4.2 (a) Measured transmission spectra of bimetallic Ag/Au 
nanoparticles with different Au concentrations. (b) Resonance wavelength 
shift as a function of Au concentration. The SEM image of Ag/Au 
nanoparticles patterned by annealing the bimetallic Ag/Au thin film with the 
thicknesses of 4 and 4 nm is inserted in the top-left of the plot (a) with the 
scale bar of 100 nm. 
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4.2.2. Fabrication and characterization of quasi-ordered bimetallic Ag/Au 
nanodot array by LIL and thermal annealing  
Thermal annealing provides a good way of forming nanodots with 
diameter of sub-50 nm (Fig. 4.1), but size dimension and particle distribution 
of nanodots are randomized on the substrate. In particular, it has been reported 
that the random nanoparticles with constant size can lead to a broad resonant 
quality and more plasmon loss due to the destructive interactions between 
nanoparticles [20]. In addition, it was also pointed out that the random size 
distribution leads to even broader resonant features. Therefore, we propose a 
hybrid nanofabrication technique to form quasi-ordered nanodot array with a 
good uniformity over a large area. This method is the combination of LIL and 
thermal annealing, which can reduce the randomness of the nanodots in both 
terms of size distribution and particle location. By properly controlling Au 
concentration, the LSPR of bimetallic nanodot array can be tuned. 
4.2.2.1 Fabrication procedures 
      Nanodot array was fabricated by the combination of LIL and thermal 
annealing. LIL can form a periodic nanodisk array over a large area, which 
can be used to form a good template for thermal annealing. Compared to the 
annealing of a whole thin film, the annealing of nanodisk array is easier to 
achieve nanodot array with better uniformity both in terms of size dimension 
and particle distribution. Therefore, the fabrication consists of two main steps: 
(1) fabricating a periodic array of nanodisk by LIL and then (2) annealing the 
nanodisk array at high temperatures.  
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Figure 4.3 SEM images of Ag0.75/Au0.25 nanodisk array (a) before and (b) after 
annealing. AFM image of Ag/Au nanodot array is inserted in the top-right of 
the plot (b). (c) Schematic diagram of the corresponding fabrication process. 
      Figure 4.3 displays the SEM image of a bimetallic nanodot array formed 
by LIL and thermal annealing. The bimetallic Ag0.75/Au0.25 nanodisk array was 
formed by the double exposure of LIL at an incident angle ( ) of 10°. The Ag 
and Au films were deposited in sequence with thicknesses of 6 and 2 nm, 
respectively. After lift-off, the Ag/Au nanodisk array was annealed at a 
temperature of 500 °C for 4 hrs.. The term Ag1-x/Aux indicates that the Au 
concentration (x), which is controlled during the metal films deposition. 
Before thermal annealing ( as shown in Fig. 4.3 (a)), it is observed that the 
bimetallic Ag0.75/Au0.25 nanodisk array with a diameter of 538 ± 18 nm was 
formed with a period of ~ 930 nm on the quartz substrate. The structure 
exhibits a good uniformity of nanodots over an area of 8 × 8 mm
2
. During 
thermal annealing at 500 °C for 4 hrs., the Ag0.75/Au0.25 bimetallic nanodisk 
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array was heated above the melting temperature, so the originally continuous 
bimetallic thin films broke up into isolated nanodots. The nanodots were 
agglomerated due to a high surface-to-volume ratio [21]. The SEM image of 
the nanodot array was analyzed by the software ImageJ, which indicates that 
the nanodots have a spheroidal shape, with size dimension of 50 ± 30 nm, 
interparticle spacing of 45 ± 15 nm. The height of the nanodisk increases from 
8 ± 2 nm to 45 ± 15 nm, which was shown by the AFM image of the nanodot 
array in Fig. 4.3 (b). The results confirm that the combination of LIL and 
thermal annealing is a straightforward method to form nanodot array with a 
good uniformity both in terms of size dimension and particle distribution.  
4.2.2.2. Characterization procedures  
      The optical properties of the Ag0.75/Au0.25 and Ag0.25/Au0.75 nanodot array 
fabricated by the combination of LIL and thermal annealing were measured in 
the transmission mode, as shown in Fig. 4.4. The Ag0.75/Au0.25 (black solid 
line) and Ag0.25/Au0.75 (red solid line) nanodots were formed by LIL and 
thermal annealing of bimetallic Ag/Au nanodisk array with thicknesses of 6/2 
nm and 2/6 nm, respectively. The transmission spectrum (black dashed line) of 
Ag/Au nanodots was also plotted in Fig. 4.4 as the reference. These nanodots 
were only processed by the thermal annealing of bimetallic Ag/Au thin films 
with thicknesses of 2/6 nm.  
      As seen in Fig. 4.4, only one transmission dip is observed in the UV-
visible range for each measured spectrum, which corresponds to the excitation 
of LSPR induced by the bimetallic nanostructures. It is found that the plasmon 
resonance of Ag0.25/Au0.75 nanodot array and Ag/Au nanodots are located at 
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518 nm and 529 nm with the linewidths of 174 and 182 nm, respectively, as 
analyzed using a Lorentzian function. The difference in the plasmon 
wavelength and linewidth is ascribed to the degree of the randomness in both 
sizes and particle distribution. This fact was been confirmed by the study of 
surface plasmon resonance in periodic and random patterns of gold nanodisks 
previously, demonstrating that the randomness can reduce the electric field 
enhancement so as to make broader spectra [20]. Our SEM images of nanodot 
array and nanodots also support this conclusion, showing the uniformity in 
their sizes and particle distributions. It is also clearly observed that the 
resonance wavelength of Ag/Au nanodot array shifts towards a longer 
wavelength with an increase of Au concentration in the bimetallic 
nanostructures, which is attributed to the difference in the complex dielectric 
functions of the two metals [22]. For the same size dimension, LSPR of Ag 
nanodisk is normally located in a shorter wavelength than that of the Au 
nanodisk, supporting that LSPR of nanodots with a higher Au concentration is 
located at a longer wavelength than that of a lower Au concentration.  
95 
 
Figure 4.4 Measured transmission spectra of bimetallic Ag0.75/Au0.25 and 
Ag0.25/Au0.75 nanodot array (black and red solid lines) formed by LIL and 
thermal annealing, as well as Ag0.25/Au0.75 (black dashed line) formed only by 
thermal annealing. The corresponding SEM images of Ag0.25/Au0.75 nanodots 
and Ag0.25/Au0.75 nanodot array are inserted in the top-right of the figure. 
4.3. Localized surface plasmon sensing and spectroscopy 
Localized surface plasmon resonances of noble metal nanostructures have 
been shown be a powerful technique for chemical and biological sensing 
arising from their capabilities to generate highly intense electromagnetic field 
on the metal surface. This electromagnetic field enhancement can be used to 
detect the refractive index (RI) change of the surrounding or also to enhance 
the Raman intensity of the molecules, which can act as plasmonic RI sensors 
or surface enhanced Raman spectroscope (SERS). In this section, we offer the 
feasibility that our fabricated nanostructures can be applied as potential label-
free RI sensors and also functionalized substrates to enhance Raman signals of 
the molecules R6G.  
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4.3.1. Refractive index sensing for bimetallic nanodots and nanodot array 
      To evaluate the sensing performance of the Ag0.75/Au0.25 nanodot array on 
quartz substrates, extinction spectra at different environments are plotted in 
Fig. 4.5 (a). It is observed that the LSPR peak positions in methanol and 
ethanol are red-shifted from 508 (air), 529 (methanol) to 532 nm (ethanol) due 
to an increase in the refractive index of the surroundings from 1.0000, 1.3290 
to 1.3614 [23]. The plasmon spectral shifts of the nanodot array are ascribed to 
the variation in the dielectric constants induced by the environment. In 
particular, the sensitivity of the nanostructures are experimentally determined 
by the slope of a linear fit in the plot of LSPR peak wavelength versus the 
refractive index as shown in Fig. 4.5 (b). The Ag0.75/Au0.25 nanodots are 
formed by the thermal annealing of Ag/Au bimetallic thin films with the 
thicknesses of 6/2 nm at 500 ⁰C for 4 hrs.. The LSPR peak shift per refractive 
index of the Ag0.75/Au0.25 nanodot array is calculated as 64 nm/RIU, which is 
94% higher than the nanodots formed by only thermal annealing. It shows that 
the nanostructures fabricated by the combination of LIL and thermal annealing 
can improve the performance of LSPR sensing. 
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Figure 4.5 (a) Measured extinction spectra of the Ag0.75/Au0.25 nanodot array 
in the environments with different refractive indices (air, methanol and 
ethanol) and (b) the spectral shift of Ag0.75/Au0.25 nanodot array as a function 
of the refractive index. The refractive indices of air, methanol, and ethanol are 
1.0000, 1.3290, and 1.3614, respectively. 
4.3.2. Surface enhanced Raman spectroscopy using bimetallic nanodot 
array with tunable LSPR 
      Raman spectroscopy is a powerful analytical tool which can identify 
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fingerprints of the molecules, but their intensities are very weak due to an 
inefficient inelastical scattering [5]. It has been found that the Raman intensity 
can be improved by the excitation of LSPR from metallic nanostructures [14]. 
However, there is a critical excitation condition for LSPR to enhance the 
Raman signals: only when the LSPR wavelength of metallic nanostructures 
matches well with the excitation wavelength of the laser and also overlaps 
with an electronic absorption band of interest [24]. Therefore, tuning LSPR 
resonance wavelength of SERS substrates in a specific range is of importance 
to improve the Raman intensity of the molecules. 
      Here we report a simple and efficient approach to flexibly tune the LSPR 
of quasi-ordered hybrid nanostructures over a large area. This approach is 
applied to optimize Raman scattering intensity of the molecule R6G. Ag/Au 
nanodot array was fabricated by LIL and thermal annealing of 12 nm 
bimetallic Ag/Au thin films [25]. Tuning of LSPR was accomplished by 
controlling the thicknesses of the Ag/Au film in the configuration of bimetallic 
nanodisks, arising from the variation of permittivity in nanodots. This is 
confirmed in Fig 4.6 (a) where the LSPR of Ag0.75/Au0.25 is located at a shorter 
wavelength than that of Ag0.5/Au0.5, which is attributed to more Au materials in 
the Ag0.5/Au0.5 nanodot array. Ag0.75/Au0.25 means that the bimetallic nanodisk 
arrays fabricated by LIL before the thermal annealing consists of 9 nm thick 
Ag and 3 nm thick Au thin films, respectively.  
      Figure 4.6 (b) shows the SERS spectra of the molecule R6G (10
-4
 mol/L) 
coated on the pure glass substrate, Ag0.75/Au0.25 and Ag0.5/Au0.5 nanodot array, 
respectively. The SERS spectra were measured at an excitation wavelength of 
514 nm under a 50X objective lens. Firstly, we note that the Raman intensity 
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of the molecule R6G coated on both Ag/Au nanodot array increases 
significantly, especially at the 1657 cm
-1
 band, compared to that on the pure 
glass substrate. Ag/Au nanodot array can act as hot spots to concentrate the 
incident electric field into these small volumes where the field becomes very 
intense, resulting in the Raman intensity scaling with the fourth power of the 
local field at the metal surface [26]. Secondly, the Raman intensity at the 1657 
cm
-1
 band on Ag0.5/Au0.5 nanodot array has been enhanced by two times as 
compared to that on Ag0.75/Au0.25 nanodot array. This is because the relaxation 
and re-emission of Raman scattered radiation of the molecules can be 
modified and even enhanced by the local electric field [5]. When the LSPR 
wavelength position of the metallic nanostructures is tuned to match well with 
the excitation wavelength of the laser beam and also to overlap with the 
Raman wavelength of the interested band, the Raman intensity of the 
molecules can be further enhanced [27]. Our results agree well with this 
conclusion because the LSPR wavelength of Ag0.5/Au0.5 nanodot array is 
located at 539 nm, which is in the range between the excitation wavelength 
(λext = 514 nm) and the wavelength that Raman-scattered by the R6G (λvib = 
745 nm) at the 1657 cm
-1
 band. The wavelength of the Raman scattered 
photon (λvib) at the 1657 cm
-1
 band is calculated by the formula, Δω = 1/λext – 
1/λvib, where the excitation wavelength λext and the Raman shift Δω are 514 
nm and 1657 cm
-1
, respectively. In contrast, a weaker Raman intensity on 
Ag0.75/Au0.25 nanodot array is noted. Therefore, the Raman intensity of the 
molecules R6G can be optimized by using a tunable Ag/Au nanodot array.  
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Figure 4.6 (a) Measured UV-Vis spectra of Ag0.75/Au0.25 (red solid line) and 
Ag0.5/Au0.5 (black solid line) nanodot array formed by the thermal annealing of 
Ag/Au nanodisk array with the thicknesses of 9/3 and 6/6 nm, respectively. (b) 
Measured Raman spectra of glass substrate only (black solid line) Ag0.75/Au0.25 
(red solid line) and Ag0.5/Au0.5 (blue solid line) nanodot array covered by the 
molecules R6G. SEM image of Ag0.5/Au0.5 nanodot array is inserted in the 
bottom-left of the plot (a) with the scale bar of 500 nm. 
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4.4. Summary  
      To sum up, a scalable, rapid and inexpensive approach based on laser 
interference lithography (LIL) and thermal annealing has been demonstrated 
to fabricate the disordered and quasi-ordered metallic nanodots on glass 
substrates with tunable localized surface plasmon resonances (LSPR). These 
nanostructures give the abilities to detect the variation of the refractive index 
change from the surrounding media and also enhance the Raman intensity of 
the molecules R6G. It is found that the sub-50 nm quasi-ordered nanodot array 
can provide better refractive index sensitivity than disordered nanodots. In 
addition, tunable LSPR is achieved by controlling the Au concentration in 
Ag/Au nanodots, thus allowing us to further enhance the Raman intensity of 
R6G due to the optimal coupling between localized plasmon and the incident 
laser.  
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Chapter 5 High Performance Refractive Index Sensing 
through the Surface Lattice Resonance of Nanorod Array 
      In this chapter, a new approach to improve refractive index (RI) sensing 
will be investigated theoretically and experimentally. By illuminating periodic 
array of nanorods with the incident light polarized along the long axis of the 
nanorods, collective diffractive interaction between dipolar resonances of the 
individual nanorods can be observed, known as the surface lattice resonance 
(SLR). Dramatic improvement in the narrowing of the far-field extinction 
spectra and near-field enhancement can be achieved, arising from the partial 
cancellation in the radiative damping of the dipoles.  
      In Section 5.1, an introduction on different approaches of improving RI 
sensitivity will be presented, followed by an explanation of new design on 
high performance RI sensing through a periodic array of nanorods. The 
detailed resonant features will be investigated using FDTD simulation, and RI 
sensitivity based on these resonant modes will be evaluated in Section 5.2. In 
Section 5.3, the fabrication and characterization procedures of the designed 
nanorod array will be presented. In Section 5.4, the physics behind SLR mode 
and RI sensing performance of the fabricated nanosensors will be described. 




Plasmonic sensing has been successfully applied to detect bio/chemical 
molecule-binding events in molecular conformation [1]. In general, two types 
of plasmonic nanosensors have been widely discovered: (1) Surface Plasmon 
Resonances (SPR) at metal-dielectric interfaces and (2) Localized Surface 
Plasmon Resonances (LSPR) on nanostructured noble-metal surfaces [1-2]. 
SPR sensors have been shown to have an extremely low detection limit 
exceeding 10
-5
 refractive-index unit (RIU) using phase-sensitive 
interferometry schemes [3], but they are difficult to be integrated into portable 
and low-cost devices for high throughput systems [4]. LSPR sensors, on the 
other hand, have drawn immense research interests due to their nanoscale-
level dimensions, spectra tunability [5] and strong enhancements of the local 
electrical fields [6]. However, the drawbacks of LSPR based sensors are low 
sensitivities and broad resonance features, which are still challenging issues 
until now [2].  
Improvements in LSPR sensing performance can be achieved by 
increasing light-matter interactions through high field enhancement on sharp 
nanoparticle vertices or closely spaced nanoparticle assemblies. The strong 
field confinements make the nanoparticles more sensitive to the changes in 
their dielectric environment [7-9]. For example, by increasing the aspect ratio 
(length/width) or sharpening nanoparticle features, it has been shown that RI 
sensitivities based on LSPR sensor is improved up to 288 nm/RIU for gold 
nanorods with aspect ratio of 2.4, and 540 nm/RIU for gold nanobipyramids 
possessing sharp edges at the ends and high aspect ratio reaching to 4.7 [7]. 
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However, while chemical synthesis has the advantage of precisely controlling 
the dimensions of the nanoparticles, which their plasmon resonances usually 
display broad features in the spectra, resulting in low detection resolution. To 
solve this issue, many efforts have been concentrated on optimizing the 
nanoparticle geometries to improve near-field enhancements as well as to 
control the resonance linewidth. One solution is to generate high intensity 
near-field interactions at “hotspots” by using closely-space nanoparticle arrays 
[8, 9]. For example, it has been demonstrated that the RI sensitivity of 
nanoring trimers is nearly three times larger than that of nanodisk trimers at 
comparable sizes. Alternatively, high resolution sensors can also be achieved 
using coherent coupling of bright and dark plasmon modes, leading to high 
quality factor subradiant Fano resonances. This idea was experimentally 
realized by a complex asymmetric nanocavity, supporting Fano resonances in 
an XI arrangement with strongly reduced linewidths [9]. However, it is 
difficult to fabricate nanostructures over a large area using current 
nanofabrication techniques such as electron beam lithography or focused ion 
beam, thus rendering high fabrication cost and low throughput [10]. Therefore, 
it is highly desirable to have a simple method to fabricate large area plasmonic 
nanostructures with highly concentrated fields. The discovery of the surface 
lattice resonance (SLR) provides new opportunities to achieve this goal, 
through the diffractive coupling of LSPR driven by the individual 
nanoparticles. In other words, this resonance is generated as the consequence 
of the dipolar-dipolar interactions [11]. These resonances can efficiently 
suppress the radiative damping associated with the individual nanorod [12], 
narrowing linewidth to the order of tens of nanometers and resulting in Q-
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factors exceeding 150 in the near infrared range [13, 14]. In addition, far-field 
coupling does not require complex nanostructures with sub-100 nm gaps, but 
it needs a periodic array of nanostructures to generate the diffraction features. 
These properties offer a new opportunity to fabricate them by laser 
interference lithography over a large area, which will be presented below.  
5.2. Design and simulation for high performance sensing via a periodic 
array of nanorods 
From the previous discussion of different approaches to improve RI 
sensitivities, it is known that SLR supported by a periodic array of 
nanostructures is an attractive candidate for high performance RI sensing. It is 
because this coupling can generate intense electromagnetic fields and narrow 
spectral shapes, which provides good sensitivity and high resolution for 
nanosensors [15-20]. Therefore, the fundamentals of SLR will be presented 
first, followed by the design and simulation of periodic nanostructures to 
generate SLR. In particular, a direct quantitative numerical simulation using 
three-dimensional (3D) finite-difference time-domain (FDTD) method is 
conducted by qualitatively modeling the plasmonic nanostructures. The design 
of plasmonic nanostructures and the details of the numerical model will be 
described below.    
5.2.1. Fundamentals of surface lattice resonances 
Based on the previous studies [15-20], surface lattice resonance is the 
result of collective plasmonics arising from the retarded dipolar interactions 
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among nanoparticles. Plasmonic behavior of the nanoparticles in an array may 
strongly differ from that of the individual constituent nanoparticles [8, 9]. This 
phenomenon can be explained by using a coupled dipole (CD) method. For an 
individual nanoparticle, the acting field is the simple incident field exciting 
LSPR (         ). A nanoparticle responds to this electric field with an 
induced dipole moment         . On the other hand, for an array of 
nanoparticles, the acting field on the individual particle includes both the 
incident field and the sum of the retarded dipolar fields due to the other 
particles [8, 9, 22-24]: 
              ∑  
          
 
   
   
 ,                                                         (Eq. 5.1) 
where     is the dipolar interaction matrix without the phase term. The indices 
i and j label the ith and jth particles, rij is the distance between them, and N is 
the total number of particles. The sum in Eq. 5.1 strongly depends on the 
phase delay experienced by the retarded dipolar interactions among particles. 
Hence, for a periodically arranged nanoparticle array, the scattered fields add 
in phase at a specific wavelength when         , where m is an integer, 
predicting the appearance of a new grating order. For wavelengths 
shorter/longer than this transition wavelength (  ), the grating order becomes 
radiative or evanescent. This phenomenon results in the narrowing of the 
plasmonic resonances and the enhanced near-fields around the transition 
wavelength. In particular, SLR resonance (    ) is located at slightly longer 
than the grating transition wavelength, and has a narrow line shape. The 
narrowing of the far-field spectra arises from a partial cancellation in a 
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radiative damping of the individual nanoparticle. In addition, near-field 
intensity is also increased and confined in the array plane. In well-engineered 
arrays, significant improvements in near-field intensities are possible [9]. 
5.2.2. Excitation of SLR mode   
      According to the theoretical analysis of SLR mode, it is known that the 
excitation of SLR mode is associated with the diffraction provided by the 
grating and LSPR features induced by the individual nanoparticle. Three 
factors will be considered in our design: (1) the geometries of nanostructures, 
(2) lattice shape and (3) lattice period. Moreover, a simple design with the 
possibility to be reproducibly implemented by our nanofabrication techniques 
is required. To achieve this target and satisfy both theoretical and experimental 
requirements, an array of nanorods with a rectangular lattice shape is designed. 
Firstly, the nanorod for an individual nanostructure is selected because it not 
only offers less radiative damping than the nanodisk, but also provides larger 
local-field enhancement factors [7, 26]. Secondly, the rectangle lattice shape is 
a good candidate and has been also confirmed by the previous study that 
nanorod array in rectangular shape has successfully supported SLR [10-12]. In 
addition, in view of the fabrication procedure, LIL is a straightforward 
fabrication tool to generate periodic nanostructures over a large area. Thirdly, 
the lattice constant is an important factor to influence the coupling strength of 
the diffractive interaction between the dipoles. This factor will be discussed in 
the next chapter. Moreover, light polarization needs to be considered due to 
the geometric properties of nanorods. Nanorods can provide two LSPR modes: 
the longitudinal and transversal modes, corresponding to two different axes of 
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the nanorods [7, 26]. The observations of SLR mode under light polarization 
along the long or short axis of nanorods were reported in previous studies [10-
12]. Therefore, considering the requirements mentioned above and the 
fabrication techniques we have, we designed a periodic array of nanorods on 
the glass substrate, with the length ( ) 520 nm, the width ( ) 420 nm, and 
lattice periods (   and   ) of 550 and 900 nm in x and y directions, as shown 
in Fig. 5.1.    
 
Figure 5.1 Schematic diagram of a periodic array of nanorods on glass 
substrate. An array of nanorods has length  , width  , and periods    and    in 
x and y directions. 
5.2.3. Far-field optical properties of nanorod array 
      A finite-difference time-domain (FDTD solution 7, Lumerical Inc.) optical 
simulation was performed to study the resonance features of nanorod array. 
The work is focused on the far-field optical spectra and field profiles of the 
structures. The setup of three-dimensional (3D) FDTD simulation is shown in 
Fig. 5.2. The setup includes four main parts: (1) the material structure, (2) the 
FDTD simulation area, (3) the source, and (4) monitors. Firstly, an elliptical 
112 
shaped gold nanorod with a dimension of 420×520×30 nm
3
 is placed on the 
top of a glass substrate. The refractive index of the glass substrate is set as 
1.45, the dielectric parameters of gold material is based on the experimental 
data from Johnson and Christy [28]. Secondly, a plane wave source is placed 
on the top of the simulation area at a distance of 500 nm away from the sample. 
The light polarization direction and the incident angle can be tuned in the 
source plane. In our case, we use the normal incident light to illuminate the 
sample, and the light polarization can be set up parallel along x and y 
directions, respectively. Thirdly, the geometry of FDTD simulation is fixed at 
550 and 900 nm in x and y directions, respectively, and it also matches the 
lattice periods of the designed nanorod array. Periodic boundary conditions are 
applied in x and y directions, while perfectly matched layers (PML) boundary 
is set in z direction. A mesh step size to refine the simulation is used with the 
value of 6 nm for x and y directions, and 2 nm for z direction. Finally, 
frequency-domain power monitors are positioned on both the top and the 
bottom of the nanorod at a distance of 800 nm, respectively. These monitors 
act as detectors to collect power flow information in the frequency domain 
from simulation results, and they are also used to calculate transmittance, 
reflectance and absorption of the structure. The frequency-domain profile 
monitor is placed in the middle of the nanorod, to collect the field profile in 
the frequency domain.  
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Figure 5.2 Schematic diagrams of FDTD simulation for the optical properties 
of nanorod array: (a) top and (b) cross-sectional, views. 
      Figure 5.3 displays the simulated far-field optical responses of nanorod 
array and a single nanorod in air environment (n = 1) under light illumination 
along x and y directions. With light polarization along the long axis of the 
nanorod (y direction), a periodic array of nanorods shows two obvious 
resonances located at        nm and          nm, corresponding to a 
local minimum in transmission and a maximum in reflection (Fig. 5. 3(a)). 
When the light polarization is along the short axis of the nanorod (x direction), 
two resonances are also clearly observed at the wavelength positions of 806 
and 1333 nm, respectively (Fig. 5.3 (b)). To compare the difference in the 
optical properties between a single nanorod and an array of nanorods, the 
extinction spectra of a single nanorod are plotted in a black dashed line (Figs. 
5.3 (a) and (b)). The resonances of LSPR for a single nanorod are located at 
1676 and 1387 nm, respectively, which are responsible for the longitudinal 
and transversal modes induced by the single nanorod.   
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Figure 5.3 Simulated spectra of Au nanorod array at polarization along (a) y 
and (b) x directions, respectively. The nanorod array in the simulation has the 
dimension of 420×520×30 nm
3
 and the periods of 550 and 900 nm along x and 
y directions, respectively.  
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Figure 5.4 Simulated electric field intensity in log scale distribution at 
different resonance wavelengths under different light polarization directions. 
Plots (a) and (b) show log-scale electric field intensity distribution at the 
resonance wavelengths of 920 and 1340 nm under the light polarization along 
y direction. Plots (c) and (d) display log-scale electric field intensity 
distribution at the resonance wavelengths of 806 and 1333 nm under the light 
polarization along x direction. Field intensity profiles are captured by the z-
normal plane at the middle height of the nanorod. 
      The electric-field intensity distribution at different resonance wavelengths 
is plotted in the log-scale in Figs. 5.4 (a)-(d). Near-field intensities at 
wavelengths of 920 and 806 nm are normalized to the maximum field 
intensities at the resonance wavelengths of 1340 and 1333 nm, respectively. 
For the mode I (Fig. 5.4 (a)), near-field intensities not only are highly 
concentrated at the edges of the nanorods, but also show the signatures of the 
standing waves of the surface plasmon polaritons with strong resonance 
intensity in the plane of an array. On the other hand, for the mode II (Fig. 5.4 
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(b)), the electric field intensity is only confined at the edges of the nanorods 
for the resonance, which is attributed to a dipole resonance. In addition, 
another dipole resonance for mode IV induced by the geometry of the nanorod 
is also observed in Fig. 5.4 (d) and coupled with neighbors. The mode III 
positioned at 806 nm corresponds to a higher order multipolar resonances 
arising from the phase retardation of the incident wave within a single particle 
[29]. Six-lobe pattern around the edge of the nanorods with weaker intensity is 
clearly observed in Fig. 5.4 (c). 
      Table 5.1 is a summary of resonances and linewidths for nanorod array 
induced by the light polarization along the long and short axes of nanorods, 
respectively.  
Table 5.1 Simulated resonance wavelength and FWHM for nanorod array and 
a single nanorod. 
      To measure the width of the spectra, we used a Lorentzian line shape in 
the frequency domain:  
































           
] .                                                               (Eq. 5.2) 
      To fit the peaks,   is the frequency,    is the peak position, and   is the 
full width at half maximum (FWHM) of the frequency. The calculated results 
are displayed in Table 5.1.  
5.2.4. Evaluation of RI sensing performance 
      The simulated spectra of a periodic array of nanorods reveal that four 
resonance modes can be excited by the normal incident with the light 
polarization along x and y directions. These resonance modes make it possible 
to concentrate light into a small volume and generate high intense electric 
fields, which could be applied to plasmonic sensing. In order to study the 
response of these resonance modes to the refractive index of the surrounding 
medium, we have simulated the transmission spectra of nanorod array in the 
media with a gradual change in the refractive index (Fig. 5.5).  The refractive 
indices of the surrounding media vary from 1 to 1.5 at a step of 0.1, which can 
be set up in the FDTD simulation. First of all, it is found that all resonance 
modes shift to a longer wavelength. This trend in the spectra arises from a 
gradual increase in the dielectric function of the media. Secondly, resonance 
wavelength shifts of Au nanorod array can be linearly fitted to obtain their 
bulk RI sensitivity, which is defined in Chapter 2, Eq. 2.10. It is clearly 
observed that the RI sensitivity of SLR (mode I) is 837 nm/RIU, while modes 
II and III have the RI sensitivity of 233 and 464 nm/RIU, respectively. In 
addition, higher-order multiple mode provides the lowest RI sensitivity with 
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the value of 219 nm/RIU. The calculated results are summarized in Table 5.2. 
In conclusion, nanorod array for the SLR mode displays greater RI sensitivity 
than LSPR and higher-order multiple modes. It indicates that the SLR mode 
can be a good choice to detect small changes in the refractive index, which is 
also reported by Zou [30]. In addition, SLR mode can both propagate on the 
surface and localize near-field energy around the edges of the nanorod, thus 
providing a larger contact area for the detection of small molecules (Fig. 5.4 
(a)). Finally, the figure of merit (FOM) of these modes is calculated by 
dividing the refractive index sensitivity by the FWHM of resonance peak, 
which is widely used to characterize a nanoparticle’s sensing capability [6].  
Table 5.2 Simulated spectral shift and RI sensitivity of different resonance 















920 85 837 9.85 
Mode II 
(LSPR) 




806 61 219 3.59 
Mode IV 
(LSPR) 
1333 199 464 2.33 
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Figure 5.5 Simulated refractive index sensing sensitivities of nanorod array for 
different resonance modes (e.g. I, II, III, IV) under the light polarization along 
y (plots (a) and (c)) and x (plots (b) and (d)) directions. Plots (a) and (b) 
display the simulated far-field optical transmission spectra of nanorod array in 
different surrounding media with refractive indices ranging from 1 to 1.5 at a 
step of 0.1. Plots (c) and (d) indicate resonance wavelength shift as a function 
of the refractive index (n) as well as their corresponding refractive index 
sensing sensitivities obtained by fitting the linear function. 
5.3. Experimental details 
Based on the simulation mentioned above, a periodic array of nanorods 
can provide surface lattice resonance (SLR) with a narrow line shape in the 
far-field optical spectra, with much better resonance quality compared to the 
single nanoparticle case. This designed nanorod array can provide high RI 
sensing sensitivity in the simulation. In this section, the detailed fabrication 
and characterization of nanorod array will be presented, followed by the 
experimental results and sensing measurement of nanorod array.   
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5.3.1. Fabrication process of the designed nanorod array 
      The desired two-dimensional (2D) gold nanorod array was fabricated by 
laser interference lithography [31]. The method of preparation involves the 
double exposure of the coated photoresist on a glass substrate to the 
interference pattern. After the exposure, the photoresist is chemically 
developed and the resulting profile is transferred to the substrate by RIE 
etching. This produces a robust and large area periodic nanostructure with a 
well-defined pitch. The pitch is determined by the incident angle, given by Eq. 
2.14. The subsequent deposition of Cr/Au films and the lift-off produce 2D 
gold nanostructures.   
      In the exposure, the sample is exposed twice with two different incident 
angles (  and   ) and a rotation angle (α) of 90° between them, in order to 
realize periodic nanorod hole arrays in the resist arranged in the rectangular 
lattice shape. Firstly, the sample is exposed for 90 s by the interference 
patterning under an incident angle ( ) of 17°. The sample is then rotated 90° 
on the sample holder and exposed for another 90 s again with an incident 
angle (  ) of 10°. The periodicities of 550 and 900 nm in x and y directions 
can be obtained by the double exposure of the interference patterns, as shown 





Figure 5.6 SEM image of a nanorod array with the periodicities (   and   ) of 
550 and 900 nm, respectively. The schematic diagram of the nanorods is 
inserted in the bottom-left of the figure. 
5.3.2. Characterization of the fabricated nanorod array  
      Far-field transmission spectra of the nanorod array were characterized 
using the variable angle spectroscopic ellipsometer (VASE) under the p- and 
s-polarized light irradiation at normal incidence. Figure 5.7 displays the 
measured optical far-field transmission spectra of the nanorod array under 
light polarization along y (black solid line) and x (black dashed line) axes of 
the nanorods. The measured spectra were normalized to focus on the spectral 
shift. As seen in Fig. 5.7, two resonances are observed when light is 
illuminated along y direction, with a good agreement with the simulated result. 
They are located at 915 nm and 1310 nm, respectively. These resonances 
correspond to the SLR and LSPR modes, which can be analyzed using the 
electric field distribution in Figs. 5.4 (a)-(b).  
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Figure 5.7 Measured optical transmission spectra of a gold nanorod array 
under light polarization along y (black solid line) and x (black dashed line) 
directions. The nanorod array has the dimension of 420×520×30 nm
3
 and the 
periods of 550 and 900 nm in x and y directions, respectively. 
      On the other hand, other two resonances are observed under light 
polarization along x direction corresponding to a higher-order multiple mode 
and LSPR mode (Figs. 5.4 (c) and (d)), with the peak positions at 845 and 
1305 nm. This phenomenon indicates that the SLR resonance is selected by 
the light polarization and can only be induced by the light polarization parallel 
to y direction. The LSPR mode is also determined by the geometry of the 
nanorods, resulting in broad dipolar resonance observed under both light 
polarization along x and y directions. Table 5.3 summarizes the resonance 
properties of these modes. 
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Table 5.3 Measured resonance wavelength and FWHM for nanorod array and 
a single nanorod.  
Polarization 
Direction 

















5.3.3. Evaluation of RI sensitivity of nanorod array 
      According to our simulation, the SLR mode could provide the maximum 
RI sensitivity in all these different modes. In our experiment, the SLR mode’s 
response to the refractive index change is our focus in this work. The 
measurements of RI sensitivity for the SLR mode were performed through 
immersing the sample inside the sealed quartz chamber in the surroundings 
media of different refractive indices, e.g. air (black solid line), water (red dash 
line), acetone (green dot line) and IPA (blue dash dot line), as shown in Fig. 
5.8. Their corresponding refractive indices are 1.0000, 1.3228, 1.359, 1.3776, 
respectively [14]. It can be seen that resonance wavelength for the SLR mode 
red-shifts from 915 to 1215 nm when the refractive index varies from 1.0000 
to 1.3776. The experimental data for the SLR mode were linearly fitted to 
determine its RI sensitivity, as shown in Fig. 5.8 (b). The measured sensitivity 
for SLR is 799 nm/RIU, which is a good agreement with the simulated results.  
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Figure 5.8 (a) Measured optical transmission spectra of nanorod array in 
different surrounding media under light polarization along the long axis of the 
nanorod and (b) its corresponding refractive index sensitivity. The 
transmission dips of the SLR red-shift from 915, 1180, 1200 to 1215 nm, 
respectively. Black square dots are experimental points. Red solid line linearly 
fits to the data, giving a RI sensitivity of 799 nm/RIU for the SLR mode. 
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5.4. Discussion 
5.4.1. Excitation of surface lattice resonance in an array of gold nanorods 
      In an array of nanorods, collective plasmonic excitations are observed both 
in the simulated and experimental results, as shown in Figs. 5.3 (a) and 5.7, 
respectively. There are two transmission dips that are located at 920 and 1340 
nm in Fig. 5.3 (a), corresponding to two important resonance modes: SLR 
mode and LSPR mode. This SLR mode is dispersive and spectrally narrow 
collective resonance arising from the diffractive coupling of the localized 
surface plasmon of the individual particles [16-26]. This coupling generally 
occurs near the critical condition at which a grating diffraction changes from 
radiating to evanescent [18]. This condition is determined by the first grating 
order at gazing angles (i.e. in the sample plane), which is closely associated 
with the Rayleigh anomalies. According to the theory [16-26], the Rayleigh 
anomalies [31] are solutions to the equation: 
    
     








)                      , (Eq. 5.3) 
where     and      are the modules of the incident and scattered wave vectors, 
   (j = 1, 2) are the integers defining the order of diffraction,    and    are 
the lattice periods along x and y directions. In our case, the first grating order 
is calculated by this equation and is equal to 900 nm, where θ = 0°,    = 550 
nm and     = 900 nm. In Fig. 5.3 (a), the resonance positioned at 920 nm can 
be confirmed by the SLR mode according to the theory, displaying a narrow 
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linewidth. Moreover, the appearance of the SLR mode results in a slight blue-
shift for the LSRP mode, compared to that of the single nanorod. This 
phenomenon is also reported by the previous study [18]. The retarded dipole 
interaction among nanoparticles leads to the redistribution of near-field energy. 
Near-field energy located at the edges of the nanorods is reduced due to the 
conservation of energy in the system, consequently, the resonance wavelength 
of the LSPR mode shifts towards a shorter wavelength.  
5.4.2. Radiative damping in Au nanorod array 
      It is clearly observed that the linewidths of the SLR and LSPR modes for 
nanorod array are both reduced, which are determined by the radiative and 
non-radiative damping of nanostructures. Nonradiative damping processes 
both electron scattering in the metal and dissipate oscillation energy into heat 
[33]. Radiative damping processes are caused by energy radiated into the 
optical far-field by the collective electron oscillation, and increases with 
particle size. For a small single particle, the radiation damping is small. While 
for the particle dimension become comparable to the incident light wavelength, 
the effect of radiation damping becomes important [34]. The damping due to 
the radiation can decrease the enhancement by many orders of magnitude and 
causes a significant broadening of the particle plasmon resonance. In our case, 
nanorods with the dimension close to the light wavelength possess a large 
radiative damping of the dipole induced by the individual nanorod. When they 
are arranged in array, the dipoles of the individual collectively couple with the 
radiated fields of the other dipoles, resulting in a partial cancellation of the 
radiative damping of the individuals as well as narrow linewidths for the 
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resonances. Therefore, the collective plasmonic excitation opens a new door to 
narrow the linewidths, and provides an good opportunity to improve the 
detection resolution for the RI sensing.  
5.4.3. RI sensing performance for SLR mode  
      It is found that an array of nanorods provides a high performance in the RI 
sensing. RI sensitivity for the SLR mode reaches to 799 nm/RIU and FOM 
exceeding 9. Our nanosensors can be a good choice for near-infrared 
biosensing, which working wavelength range is from 920 to 1300 nm. 
Compared to the previous studies, our results can be superior over many other 
sensors, such as single silver spherical nanoparticle [35], gold nanodisk 
trimers [36] and silver nanodisk arrays [37]. For example, single silver 
spherical nanoparticle at a diameter of 35 nm displays the RI sensitivity of 161 
nm/RIU for the LSPR mode [35] and FOM of 2.2 [38]. Gold nanodisk trimers 
fabricated by EBL can deliver the RI sensitivity up to 373 nm/RIU and FOM 
of around 1.2 in the near-IR range [36]. In addition, a periodic array of Ag 
nanoparticles at a diameter of 50 nm and a spacing of 420 nm can shift from 
432.5 to 566.3 nm in water, with RI sensitivity up to 406 nm/RIU and FOM of 
6.69 [32]. Planar metamaterials using extraordinary induced transmission (EIT) 
provide a similar RI sensitivity of 725 nm/RIU using the EBL and FOM of 7.4 
[37]. Compared to previous results, we demonstrate a straightforward method 
to design and fabricate large area nanosensors with a high RI sensitivity and 
FOM, providing a new chance to detect small bio/chemical molecules.    
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5.5. Summary 
      In conclusion, we demonstrate the high sensitivity sensing via a large area 
of gold arrays. High spectral shifts for the SLR mode were obtained in the 
surrounding media with the gradually variation of refractive index. SLR mode 
can be selected by the incident polarization direction along the long axis of the 
nanorod. A refractive index sensitivity of around 800 nm/RIU is achieved in 
experiment. This proposed approach to utilize surface lattice resonance for the 
sensing is simple and easy to realize for chip-scale biological and chemical 
sensing. 
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Chapter 6 Tuning Surface Lattice Resonance by Lattice 
Period of Nanorod Array for Refractive Index Sensing 
      The previous chapter has shown that the diffraction coupling of the 
localized plasmons in an array of nanorods can induce a strong modification in 
the transmission characteristics, leading to a narrow line shape in the 
transmission spectra and strong near-field spatial distribution extending in the 
plane of the array. This resonance gives the ability to achieve a large refractive 
index sensitivity and high figure of merit, which has been confirmed by our 
simulation and experimental results. This chapter will demonstrate the tuning 
of the surface lattice resonance through varying the lattice constant of gold 
nanorods arrays. By detailed comparison of the optical properties and near-
field intensity distribution at plasmon resonances for nanorod array with 
different lattice constants, we demonstrate that the spectral wavelengths of the 
surface lattice resonance (SLR) and the localized surface plasmon resonance 
(LSRP) can be flexibly tuned by proper control of the diffractive coupling of 
dipoles. The spectral width of the LSPR induced by the individual nanorod is 
gradually reduced with an increase in the lattice constant. This provides us 
with a strategy to tune the spectral wavelength over a broad range by a subtle 
change in the lattice constant. In addition, the refractive index sensitivity (RI) 
of nanorod array with a lattice constant of 1100 nm along the long axis of the 
nanorod is measured, showing a high RI sensitivity reaching 1055 nm/RIU 
and a figure of merit (FOM) around 9. 
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      In Section 6.1, the interplay between the grating diffraction and the 
localized surface plasmons among plasmonic crystals will be introduced. The 
optical properties and near-field enhancements of nanorod array with the 
various lattice constants along the long axis of the nanorod will be discussed 
in Section 6.2. In Section 6.3, we employ simple and easily producible 
structure parameters to realize nanorod array over a large area by LIL and lift-
off, followed by the measurement of the optical properties and RI sensitivity. 
At the end of this chapter in Section 6.4, the conclusions of this work will be 
summarized.  
6.1. Introduction 
Localized plasmon resonances in small metallic nanostructures have 
attracted interests in the scientific community over a century, due to their 
ability to support collective electron oscillations (plasmons). These resonances 
allow us to spectrally tune absorption and scattering, electromagnetic couple 
to nanoscale objects, locally enhance and strongly confine the electromagnetic 
field at length scales much smaller than the optical diffraction limit [1]. Along 
with the development of nanofabrication techniques, more attention has been 
paid to the enhanced local electromagnetic fields in well-controlled structures 
[2, 3], giving rise to the improvement in the sensitivity of various 
spectroscopic techniques, such as Raman scattering or infrared absorption 
spectroscopy and refractive index sensing [4-7]. Plasmonic sensing has 
recently been the subject of intense research efforts due to its numerous 
applications in the area of the diagnosis and monitoring of diseases, drug 
137 
discovery, proteomics, and the environmental detection of pollutants and/or 
biological agents [8].  
One of main challenges in the field of plasmonic sensing in the last decade 
is how to engineer nanostructures for the effective amplifications of refractive 
index (RI) sensitivity and figure of merit [9]. Many efforts have been devoted 
to increase light-matter interaction through high field enhancements on sharp 
nanoparticle vertices, closely spaced nanoparticle assemblies [10-12] or a 
periodic array of nanostructures. Among these methods, far-field coupling in 
an ensemble of metal nanoparticles can excite surface lattice resonance (SLR) 
by the diffractive coupling of dipoles, allowing for the improvement of the 
resonant quality and the achievement of higher electric field enhancement 
factors, compared with the single nanoparticle case [16-19]. It has been found 
that this coupling can achieve narrow resonant features and highly intense 
fields at plasmon resonances, resulting in a significant density of optical states 
as a result of pronounced improvement in light extraction [10]. In addition, 
these resonant features can be realized using simple and straightforward 
nanostructures, such as 1D and 2D nanoparticles [16-21] or nanorods [22-24] 
as well as plasmonic grating [25-28]. It is extremely useful to fabricate them 
by using laser interference lithography and integrate them into the lab-on-chip, 
thus rendering it possible for the detection of bio/chemical molecules in real 
time.  
      Attempts at exciting and tuning the surface lattice resonance have been 
studied [16-28]. It has been shown that tuning the radiative coupling of surface 
plasmons to diffracted orders can be achieved by altering the shapes and 
dimensions of metal nanostructures [24], providing evidence that the 
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properties of the SLR mode is strongly dependent on the geometry of the 
individual nanoparticles. Moreover, active tuning of the lattice resonance has 
also been demonstrated by baking phase-change materials sandwiched 
between a nanodisk array and the quartz substrate [29], which is due to the 
variation of the dielectric constant of the surrounding media. However, the 
mechanisms and regimes of interactions of the nanoparticles in the lattice are 
not yet well understood. A recent article showed that the optical properties of 
the lattice resonance in the ensemble of nanoparticles are influenced by the 
degree of disorder in the geometrical arrangement from a periodic to a 
disordered lattice [30], revealing the strong connection between the lattice 
arrangement and the surface lattice resonance. Tuning the surface lattice 
resonance in the array of nanostructures and optimizing the related electric 
field enhancements under different array parameters are important for many 
applications, such as plasmonic sensing and surface enhanced Raman 
spectroscopy. In this chapter, we study numerically how to tune spectral 
wavelengths and spectral widths of the surface lattice resonance as well as 
localized surface plasmon resonance through the variation of lattice constants 
of nanorod array. Near-field enhancements of nanorod array with different 
lattice constants are simulated to determine the critical distance between 
nanorods so as to obtain the most efficient coupling between the dipoles. After 
that, we experimentally demonstrate the sensing sensitivity of nanorod array, 
revealing that the RI sensitivity of nanorod array is strongly linked with the 
lattice constant.  
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6.2. Design and simulation of tuning surface lattice resonance with 
various lattice constants for nanorod array 
In Chapter 5, we demonstrated that the collective plasmon interactions of 
nanorod array with the light field can cause the interesting diffraction 
phenomena, which can strongly modify the optical properties of the nanorod 
array with respect to the single nanorod case. Nanorod array exhibits optical 
responses dramatically different from those of an isolated nanorod, especially 
when the grating order is transformed from radiative to evanescent, because 
the optical energy scattered by one nanorod can be collected by a neighboring 
nanorod as plasmons, instead of decaying as free-space light [16-20]. The 
strongly coupled nanorods in a two-dimensional array produce narrow lattice 
plasmon resonances, due to the suppression of the radiative loss. Based on our 
previous design, nanorod array arranged in a rectangular lattice can narrow the 
lattice resonance. Therefore, tuning the surface lattice resonance can be 
accomplished by using the same geometry of the individual nanorod, but we 
achieve the tuning process through varying the lattice constant along the long 
axis of the nanorod. The lattice constant along the short axis of the nanorod is 
retained to the same value. In addition, the polarization of the normal incident 
light is oriented along the long axis of the nanorod, because only this 
polarization direction can excite the surface lattice resonance for our design, as 
reported in the previous chapter. Far-field optical properties and near-field 
enhancement of nanorod array with various lattice constants will be simulated, 
with special attention on the spectral positions and widths of the lattice 
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resonances and LSPR. RI sensing performance of nanorod array will be 
numerically calculated as presented below.  
6.2.1. Far-field optical properties of nanorod array with various lattice 
constants 
In Chapter 5, the designed nanorods have a dimension of 420×520×30 nm
3
 
and are arranged in the rectangular lattice shape, with the lattice period of 550 
and 900 nm along the short (  ) and the long axes (  ) of the nanorod, 
respectively. Here, we retain the lattice period (  ) as 550 nm, but the lattice 
period in y direction (  ) is gradually changed from 800 to 1400 nm in steps of 
100 nm. The sample is illuminated at normal incident with the light polarized 
in y direction. The wavelength range is varied from 700 to 1700 nm, which is 
a detectable range for the characterization by using our ellipsometer. Far-field 
optical transmission spectra are simulated using three-dimensional FDTD with 
periodic boundaries. In the calculation, we used dielectric constants measured 
and tabulated by Palik [31]. Figure 6.1 displays the simulated transmission 
spectra of nanorods with different lattice constants in y direction.  
      In Fig. 6.1, a collection of the calculated transmission spectra for nanorod 
array on glass substrate are depicted. Nanorod array exhibits two types of 
resonances: (1) a broad transmission dip located in a longer wavelength 
ranging from 1300 to 1900 nm due to the geometry of the individual nanorod; 
and (2) a narrow resonance feature positioned at a shorter wavelength ranging 
from 800 to 1400 nm, resulting from the diffractive coupling of dipoles. As 
the lattice constant (  ) of the nanorod array gradually increases, the strong 
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modification of the spectra is clearly observed, leading to red-shifts of these 
two types of plasmon resonances. These phenomena highlight the fact that 
pronounced spectral features are strongly dependent on the lattice constant 
(  ). We also note that the wavelengths of the surface lattice resonances 
(corresponding to local minima in transmission) for different nanorod arrays 
are directly linked to the first grating order, in which the dipole interactions 
occur under the condition that a first grating order changes from evanescent to 
radiative in air or the substrate layers [32]. In this case, the first grating order 
is equal to the lattice constant, and the normal incident light and air 
atmosphere are applied. According to Eq. 5.3, the wavelength of SLR occurs 
around the lattice periods of the nanorod array as shown in Fig. 6.2 (a). In 
particular, the SLR shifts towards longer wavelengths accompanying a gradual 
increase in the lattice constant (  ), which is due to a modification of the 
plasmon resonance condition.  
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Figure 6.1 (a) Simulated transmission spectra of a nanorod array on glass 
substrate with various lattice constants in y direction. The sample is 
illuminated at normal incident light with the incident polarization along y 
direction. The schematic diagram of the nanorod array is shown in plot (b). 
The nanorod array has a dimension of 420×520×30 nm
3
 and a fixed lattice 
period of 550 nm in x direction. The lattice period    changes from 800 to 
1400 nm in steps of 100 nm. Black, red, blue, magenta, green, olive, and violet 
solid lines correspond to the lattice periods of    = 800, 900, 1000, 1100, 1200, 
1300, and 1400 nm, respectively. 
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Figure 6.2 Resonance wavelength and spectral width as a function of the 
lattice constant in y direction: SLR mode (red circle) and LSPR mode (black 
square). 
      To further understand the interaction between these dipoles, our attention 
is then focused on the linewidths of these two resonances. Figure 6.2 (b) 
displays the spectral widths of the SLR and LSPR modes as functions of the 
lattice constant of nanorod array (  ). The spectral width is calculated by 
fitting the transmission spectra using a Lorentzian profile. It is clearly 
observed that the linewidth of the LSPR mode is greatly reduced from 209 
(       nm) to 65 nm (        nm) with a gradual increase in the lattice 
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constant (  ) of the nanorod array. This can be explained by the partial 
suppression of the radiative damping in the individual nanorods, which is 
strongly influenced by the diffractive interaction of the dipoles. This opens up 
new possibilities to reduce the radiative loss of the individual nanoparticles by 
manipulating the grating constants, which provides the potential to improve 
the quality factor of the resonance for application in high-resolution 
nanosensors. In contrast, the spectral width of the lattice resonance rises up to 
114 nm when the lattice constant (  ) is increased to 1000 nm, but drops to 65 
nm for the lattice constant (  ) at 1400 nm. This implies that the radiative 
damping of the lattice resonance is linked to the lattice constant (  ), but the 
amplitude of this variation is not obvious as compared to the LSPR of the 
individual nanorod.  
6.2.2. Near-field enhancements of nanorod array with various lattice 
constants 
Far-field characteristics, such as transmission efficiency and spectral width, 
are strong indicators of the near-field behavior of the interactions between the 
diffractive coupling and the localized plasmons of the nanorods. Due to the 
suppression of radiation damping through the confinement of the 
electromagnetic field within the array, narrowing of the lattice resonances is 
observed. It has been shown that varying the lattice constants of the nanorod 
array can lead to strong modification of the optical response of the nanorod 
array. However, it is still not clear how near-field enhancements are 
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influenced by the lattice constant. In this part, numerical studies of near-field 
electromagnetic interactions in the array will be performed.  
The lattice periods (  ) of the nanorod array of 800, 1100, and 1300 nm 
are applied in the studies of near-field enhancements. The electric field 
intensity distribution in the z-normal, x-normal and y-normal at the lattice 
resonances and the dipole resonances is the subject of study in the interactions. 
Figure 6.3 presents the schematic diagram of the nanorods to indicate the 
coordinate system and the cutting planes.  
 
Figure 6.3 Schematic diagram of a nanorod array to indicate the coordinate 
system and the cutting planes used in the numerical simulation. 
Figure 6.4 displays the log-scale electric field intensity distributions in the 
z-normal plane at the lattice resonances (    =839, 1104, and 1298 nm) and 
the dipole resonances (     =1233, 1599, and 1877 nm) for nanorod array 
with various lattice constants (   = 800, 1100, and 1300 nm), respectively. 
Firstly, dipole-like field distributions are depicted in Figs. 6.4 (b), (d) and (f), 
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in which the electric field intensities are concentrated at the edges of the 
nanorods. In contrast, at the lattice resonances (Figs. 6.4 (a), (c) and (e)), 
delocalized field distributions are observed, where the field intensities are 
enhanced in almost the whole unit cell. From the perspective of sensing, the 
delocalized nature of the lattice mode has advantages over LSPR owing to the 
fact that a large number of the molecules can efficiently couple to this mode 
due to its large contact area. Secondly, intense electric field intensities 
between nanorods in x direction can also be observed (Figs. 6.4 (a), (c) and 
(e)), indicating a coupling in the x-direction of the diffractive mode and LSPR 
mode. This fact is further confirmed by plotting the electric field intensity 
distributions in the y-normal plane cutting through the nanorod at its center 
(Figs. 6.5 (a)-(f)) and a 130 nm offset from the center (Figs. 6.6 (a)-(f)). 
Thirdly, among three different lattice constants in y direction, the diffractive 
coupling strength of the nanorod array at the lattice constant (  ) of 1100 nm 
is more significant than those of other lattice constants. This is because the 
lattice constant of 1100 nm is close to the critical grating constant. If the 
lattice constant of the nanorod array satisfies the critical grating constant, a 
much stronger diffractive coupling between the dipoles can be achieved. 
Otherwise, a weaker coupling between the dipoles is obtained. Here, we will 
calculate the critical grating constant. According to the theory, the critical 
grating constant is given by the equation                   , where θ is 
the light incident angle in the medium of refractive index   , and    is the 
refractive index of the array substrate;  is an integer defining the grating [33]. 
For nanorod array on the glass substrate illuminated at the normal incident in 
air, the equation can be simplified to            , as the first grating order 
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is responsible for exciting the lattice resonance. In this case, the critical grating 
constant is equal to 1102 nm in which the longitudinal mode (     ) for a 
single nanorod is 1686 nm and the refractive index of the glass substrate is 
1.53 [33]. Figures 6.4 (a), (c) and (e) display the electric field intensity 
distributions among three different lattice constants, showing a significant 
diffractive coupling of dipoles for the lattice constant of 1100 nm (Fig. 6.4 (b)), 
which matches well with our analysis mentioned above. When the lattice 
constant of the nanorod array is smaller than the critical grating constant, the 
grating order is still evanescent, leading to a less efficient diffractive coupling 
(Fig. 6.4 (a)). On the other hand, more intense diffractive coupling is shown 
for nanorod array with a larger lattice constant, as shown in (Fig. 6.4 (e)). This 
is because the first grating order becomes radiative for the whole spectral 
range of the plasmon band.  
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Figure 6.4 Log-scale electric field intensity distributions in the z-normal plane 
at different wavelengths for the lattice resonances ((a) λ = 839 nm, (c) λ = 
1104 nm, and (e) λ = 1298 nm) and the dipole resonances ((b) λ = 1233 nm, (d) 
λ = 1599 nm, and (f) λ = 1887 nm). The lattice constants of the nanorod array 
are 800 nm for (a) and (b), 1100 nm for (c) and (d), 1300 nm for (e) and (f), 
respectively. 
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      Figure 6.5 displays the log-scale electric field intensity distributions in the 
x-normal plane cutting through the nanorod at its center. Note that when the 
lattice constant is tuned smaller than the critical grating constant (1102 nm), 
the diffractive coupling becomes weaker, but the LSPR dominates (Figs 6.5 (a) 
and (b)). In contrast, the diffractive coupling between the dipoles becomes 
dominant when the lattice constant is close to the critical grating constant, 
while the LSPR is getting weaker (Figs 6.5 (c) and (d)). When the lattice 
constant is greater than the critical grating constant, the localized electric field 
intensities of the lattice resonance and LSPR become similar at the edges of 
the nanorods (Fig. 6.5 (e) and (f)). The difference in the field distributions is 
that the radiated fields can be observed on the top of nanorods for the lattice 
resonance (Fig 6.5 (e)). This spatial nature is also observed in the electric field 





Figure 6.5 Log-scale electric field intensity distributions in the x-normal plane 
cutting through the nanorod center at different wavelengths for the lattice 
resonances ((a) λ = 839 nm, (c) λ = 1104 nm, and (e) λ = 1298 nm) and the 
dipole resonance ((b) λ = 1233 nm, (d) λ = 1599 nm, and (f) λ = 1887 nm). 
The lattice constants for nanorod array are 800 nm for (a) and (b), 1100 nm for 
(c) and (d), 1300 nm for (e) and (f), respectively. 
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Figure 6.6 Log-scale electric field intensity distributions in the y-normal plane 
cutting through a 130 nm offset from the nanorod center at different 
wavelengths for the lattice resonance ((a) λ = 839 nm, (c) λ = 1104 nm, and (e) 
λ = 1298 nm) and the dipole resonance ((b) λ = 1233 nm, (d) λ = 1599 nm, and 
(f) λ = 1887 nm). The lattice constants for nanorod array are 800 nm for (a) 
and (b), 1100 nm for (c) and (d), 1300 nm for (e) and (f), respectively. 
      By comparing the spatial field distributions of the lattice resonance and 
LSPR among the nanorod array with different lattice constants (  ), it is found 
that tuning the lattice constants can redistribute near-field energy in the whole 
plane of the array and extend it into far field.  
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6.2.3. Evaluation of RI sensing performance 
      From the above discussion, nanorod array with the lattice constant (  ) of 
1100 nm produces the most pronounced redistribution of the near field energy 
with a much larger field concentration in the plane of the nanorods at the 
lattice resonance wavelength. The delocalized nature of the lattice resonance 
with a large field intensity distribution between the nanorods is an advantage 
over LSPR because of the large contact area, thus providing a high possibility 
for the small molecules to couple with this resonance. Therefore, we focus on 
the RI sensing performance of nanorod array with a lattice constant (  ) of 
1100 nm. The optical response of nanorod array in various refractive indices 
of the surrounding media is simulated using FDTD. Figure 6.7 displays the 
simulated transmission spectra of nanorods arrays with a lattice period (  ) of 
1100 nm illuminated by normal incident light under a polarization in y 
direction. The refractive indices of the surrounding media are varied from 1 to 
1.5 in steps of 0.1.  
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Figure 6.7 Simulated transmission spectra of nanorod array with a lattice 
constant of 1100 nm in y direction and the corresponding RI sensitivity for 
SLR mode (inset). The dimension of nanorod array is 420×520×30 nm
3
 with a 
fixed lattice period of 550 nm in x direction. 
      As seen from Fig. 6.6 (a), the lattice resonance at 1104 nm rapidly shifts 
towards a longer wavelength with an increase of the refractive index (RI) 
compared with the LSPR mode at around 1599 nm. After a linear fitting of the 
resonance shifts based on the variation of the refractive index, the RI 
sensitivity for the SLR mode is 1020 nm/RIU with the FOM reaching to 24.  
6.3. Experimental details 
6.3.1. Fabrication process of nanorod array by LIL 
      Two-dimensional (2D) gold nanorod array with different lattice constants 
in y direction were prepared by laser interference lithography [31] and lift-off 
process. During LIL, the sample was exposed twice at two different incident 
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angles so as to generate nanorod array in a rectangular lattice shape. Tuning 
the lattice constants of the nanorod array can be achieved by using different 
incident angles for the second exposure. Therefore, we fabricated two types of 
nanorod array with the lattice periods of (1) 900 and (2) 1100 nm in y 
direction. For sample (1), the photoresist was exposed for 90 s by the 
interference patterns under an incident light angle of 17°. The sample was then 
rotated by 90° on the holder and exposed for 90 s again with an incident light 
angle of 10°. For sample (2), the photoresist was exposed following the same 
parameters for the first exposure of sample (1). At the second exposure, the 
photoresist was exposed for longer time (120 s) under an incident light angle 
of 8.5° so that the dimension of the individual nanorod was the same for both 
samples. Figure 6.8 displays the SEM image of these two types of nanorod 
array with the lattice period in y direction of 900 and 1100 nm, respectively. 







Figure 6.8 (a) Schematic diagram of nanorod array and SEM images of 
nanorod array with two different lattice constants in y direction: (b)        
nm and (c)         nm. The scale bar is 1 μm. 
6.3.2. Characterization of the fabricated nanorod array 
      Far-field transmission spectra of the nanorod array were characterized 
using the variable angle spectroscopic ellipsometer (V-VASE) at normal 
incidence. Figure 6.9 shows the measured optical transmission spectra of the 
two different nanorod arrays under light polarization along y direction. The 
measured spectra were normalized to focus on the spectral shift. Firstly as 
expected, both nanorod arrays display two different resonance modes: the 
narrow surface lattice resonance (SLR) located close to the lattice constant   , 
and the broad localized surface plasmon resonance (LSPR) positioned at 
longer wavelengths than the SLR mode. The appearance of the lattice 
resonance arises from the in-phase addition of the radiation fields of the 
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neighboring nanorods. This has been confirmed by simulation of the electric 
field intensities, as shown in Fig. 6.4. Secondly, it is clearly observed that the 
lattice resonance shifts from 920 to 1130 nm and the LSPR shifts from 1320 to 
1650 nm. Correspondingly, the spectral widths of the SLR and LSPR modes 
are reduced from 159 to 114 nm and 227 to 107 nm, respectively, through 
fitting of Lorentzian profiles. This demonstrates that the narrow spectral 
widths for both resonances are decreased with increasing the lattice constant, 
emphasizing the important role played by the lattice constant of nanorod array.  
 
Figure 6.9 Measured optical transmission spectra of gold nanorod array with 
the lattice constants (  ) of 900 (black dashed line) and 1100 nm (red solid 
line) under light polarization along y direction. The nanorod array has the 
dimension of 420×520×30 nm
3
 and a fixed period of 550 nm in x direction. 
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6.3.3. Evaluation of RI sensing performance for nanorod array 
According to our simulation, the lattice resonance can provide high 
refractive index sensitivity compared to the localized surface plasmon 
resonance in an array of nanorods with the lattice constant of 1100 nm along 
the long axis of the nanorod. The measurement of RI sensitivity for the lattice 
mode is demonstrated in Fig. 6.10. The sample was immersed inside 
commercialized liquids with refractive indices of 1.3400, 1.3600 and 1.3700, 
which was sealed inside a quartz chamber. The whole chamber was placed on 
the stage of the ellipsometer, and illuminated by normal incident light under 
light polarization along the long axis of the nanorod. It is clearly observed that 
the lattice resonance shifts from 1130 nm in air to 1510 nm in the liquid with 
the refractive index of 1.3700. The refractive index sensitivity is linearly fitted 
in Fig. 6.10. RI sensitivity and the figure of merit for the lattice resonance are 
calculated to be 1056 nm/RIU and 9.3, respectively. The working wavelength 
is at the near infrared, ranging from 1130 to 1550 nm.   
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Figure 6.10 Measured optical transmission spectra of nanorod array in 
different surrounding media at incident polarization along the long axis of the 
nanorod. RI sensitivity is linearly fitted to the data, giving a RI sensitivity of 
1056 nm/RIU for the SLR mode. 
6.4. Summary 
      To conclude, we have demonstrated that lattice resonance can be tuned by 
engineering the lattice constants, due to the strong modification of the 
diffractive coupling conditions between the dipoles. This result provides for 
significant improvement in refractive index sensing. Through detailed 
comparison of the far-field optical properties and near-field enhancements 
given by three different Au nanorod arrays with different lattice constants, we 
have revealed that the diffractive coupling strength can be manipulated 
through a careful choice of the lattice constant. The spatial field distributions 
of the lattice resonance and LSPR modes have also been studied in three 
dimensions, providing evidence that the electric fields of the lattice resonance 
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are concentrated in the plane of the nanorods and near-field energy is extended 
on the top of the nanorods, leading to strong far-field scattering coupling. 
Finally, it has been shown that experimentally tuning the lattice resonance can 
be achieved by patterning nanorod array over a large area through a low-cost 
and high throughout fabrication tool: laser interference lithography. These 
fabricated nanorods highlight the crucial role played by the lattice constant of 
the nanorod array for high RI sensitivity.  
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Chapter 7 Conclusions & Future Work 
7.1. Conclusions 
      Three main research topics of plasmonic nanostructures have been 
investigated. The first one is the design and modeling of metallic 
nanostructures with straightforward and reproducible parameters. The 
economical and highly efficient nanofabrication techniques capable of 
generating plasmonic nanostructures over a large area are investigated. Finally, 
the potential to apply these nanostructures for plasmonic sensing and 
spectroscopy is studied.  
In previous works, attempts on plasmonic sensing are devoted to 
generating the sophisticate nanostructures. However, engineering them with 
low-cost and highly efficient nanofabrication tools over a large area is 
challenging. To overcome these weaknesses, this thesis has accomplished a 
number of theoretical and experimental contributions. 
      A novel hybrid nanofabrication technique is proposed for the first time. 
By combining laser interference lithography and thermal annealing, metallic 
nanodot array with a size of sub-50 nm can be achieved. The fabricated area of 
plasmonic nanostructures can be as large as a few square centimeters, or even 
larger if a larger mirror and higher laser power are applied in LIL. The 
significance of the nanofabrication method, in view of its excellent 
performance in both efficiency and cost, is that it provides the feasibility to 
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realize plasmonic nanostructures over a large area with good uniformity, and 
also to tune their plasmon resonance wavelengths in the UV-visible range.  
      The nanodot array fabricated by LIL and thermal annealing can 
effectively improve the refractive index sensing sensitivity of the surrounding 
media compared to nanodots formed only by thermal annealing. The sensing 
ability of nanodot array is increased up to 96% higher than nanodots. This is 
because the nanodot array has a better uniformity both in terms of size and 
particle distribution than nanodots. This result provides clear evidence that the 
fabricated nanodots can be applied potentially refractive index sensors due to 
the excitation of LSPR and this ability can be further improved if the degree of 
the randomness of size dimension and particle distribution is reduced. 
      Tunable localized surface plasmon resonance of the metallic nanodot 
array fabricated by LIL and thermal annealing can be experimentally achieved 
by proper control of the Au concentration of the Ag/Au nanodot array. By 
tuning the LSPR of nanodot array, the Raman intensity of the molecules R6G 
on the surface of the Ag0.5/Au0.5 nanodot array is increased by two times than 
those on the surface of the Ag0.75/Au0.25 nanodot array. This is because the 
plasmon resonance wavelength of the first nanodot array well matches with 
the excitation wavelength of the laser and also overlaps the absorption 
spectrum of the interested Raman band. This finding demonstrates a simple 
approach to flexibly tune the LSPR wavelength by controlling the 
concentration of one of the elements of a bimetallic nanodot structure. The 
result also provides a guideline to enhance the Raman scattering of other 
molecules by metallic nanoparticles.  
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      The diffractive coupling of localized plasmons in an array of nanorods 
can induce a strong modification in the transmission characteristics, leading to 
a narrow line shape in the transmission spectrum and strong near-field spatial 
distribution extending in the plane of the array. This resonance has provided 
large refractive index sensitivity up to 800 nm/RIU and high figure of merit of 
11, as demonstrated in the experiment. One major advantage of our work is 
the design of nanostructures with straightforward and reproducible parameters 
as well as the feasibility to realize them over a large area by laser. The 
fabricated nanostructures can significantly improve the refractive index 
sensitivity due to the excitation of the surface lattice resonance. 
      Tuning the surface lattice resonance has been accomplished by varying 
the lattice constant of Au nanorod array. Through detailed comparisons of the 
optical properties and near-field intensity distributions at the plasmon 
resonance given by three different nanorod arrays, it was shown that the 
spectral wavelengths of the SLR and LSPR modes can be flexibly tuned in the 
near infrared range. The refractive index sensitivity for nanorod array with a 
lattice constant of 1100 nm in y direction can be as high as 1000 nm/RIU in 
the experiment, which is due to good control of the diffractive coupling of 
dipoles. This finding provides the important insight that the optimized lattice 
resonance can further enhance refractive index sensing.  
7.2. Future work 
This research has proposed a novel nanofabrication technique and 
demonstrated the design and fabrication of plasmonic nanostructures over a 
168 
large area as well as the feasibility to realize potential applications in 
plasmonic sensing and Raman spectroscopy. However, there still remain a few 
challenges for further studies. A brief outlook is given on future work and 
potential applications to make the most use of the findings inspired by the 
recent study.  
 Refractive index sensing for the real-time detection of bio/chemical 
molecules 
With regarding to plasmonic sensing, especially for refractive index 
sensing, it has been demonstrated in this thesis that plasmonic nanostructures 
can be used to detect the refractive index change of the surroundings. It would 
be interesting to extend this technique for the real-time detection of the 
bio/chemical molecules [1]. This can be achieved by developing a micro-
fluidic detection system with our plasmonic sensors [2], leading to 
quantitatively analysis of the concentration of the molecules or the interactions 
between the molecules and sensors. It is believed that these efforts will make 
great contributions to applications such as the quantification of environmental 
pollutants [3], medical research [4], diagnostics [5], drug discovery [6] and 
fundamental molecular biology studies [7].  
 Photocurrent enhancements with a periodic array of metallic 
nanostructures 
In this thesis, it has been demonstrated that nanodots or nanodot array can 
localize the light at the nanoscale, well below the scale of the light wavelength 
in free space. It would be interesting to design a new solar-cell based on 
plasmonics and photovoltaics [8]. Plasmonic nanostructures can be used to 
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improve the absorption in photovoltaic devices [9], allowing a considerable 
reduction in the physical thickness of solar photovoltaic absorber layers.  
 Fluorescence imaging with an array of nanorods 
It has been demonstrated that a periodic array of nanorods can provide 
strong field enhancement and narrow spectral shape, arising from the 
excitation of SLR induced by the diffractive coupling of dipoles. It would be 
an interesting area for future research, using this method to enhance 
fluorescence imaging [10]. The emission light of the fluorescent molecules 
could be strongly modified by placing them at suitable distances from a 
periodic array of nanorods, owing to the fact that the radiative decay rates of 
the molecules are modified by plasmonic nanostructures [11]. As a result, the 
emission rate and the quantum yield of the fluorescent molecules will be 
increased.  
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